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ABSTRACT 
 
 Unraveling the microbiological processes that occur as water travels from a river’s mouth 
into the ocean is critical to understanding the role of river plumes in global biogeochemical cycles. 
Metranscriptomics, the gene expression of a whole community of organisms, was utilized to 
examine six stations along the Amazon River Plume (ARP) in 2010 to test thehypothesis that there 
were measurable differences in gene expression for key biogeochemical genes along the ARP. 
This body of work focuses on methods developed to identify which genes are biogeochemically 
important for a particular environment along extreme salinity, nutrient and community gradients 
in the ARP, and the interpretation of these data. The metatranscriptome of a marine algal bloom 
of Protoperidinium quinquecorne was collected, as a pilot study, and represented the first 
published eukaryotic marine algal bloom metatranscriptome. Of the 232 transcripts examined, over 
70% were eukaryotic mRNAs, thus demonstrating the successful isolation of eukaryotic transcripts 
from ribosomal RNAs and prokaryotic RNAs. Transcripts for nutrient and carbon uptake were 
identified, and reinforced the theory that biogeochemically-relevant genes will be amongst the 
highly-expressed genes in eukaryotic phytoplankton populations. The final two sections of this 
dissertation detail two different ways to bioinformatically examine metatranscriptomes from the 
eukaryotic microbial populations of the ARP. The reproducibility of metatranscriptomes was 
confirmed with very similar patterns of gene expression between true replicates differing by up to 
2 hours and  2.5 km. Similar communities, two diatom-diazatroph association (DDA) stations, also 
showed stability of expression patterns over 25 days and 238.3 km. A gene database of 31 
vii 
 
biogeochemical genes was used to enumerate transcript counts for the six different stations along 
the ARP. Patterns of gene expression reflected the major physical, chemical and biological 
influences in those communities. DDA blooms exhibited high silicon transporter expression to 
acquire silicon for diatoms, and the photosystem II D1 protein replacement was high in these low-
turbidity blooms. In a low salinity (salinity 20.7) diatom bloom, nitrate transport genes were highly 
expressed to account for high growth rates fueled by photosynthesis, and carbonic anhydrase 
helped counter the low pCO2 waters.  The last chapter compares all the sequences to the entire 
protein family (pfam) library to annotate all possible transcripts for important processes missed 
with a 31-gene database approach. Pfams for chlorophyll A-B binding protein and 
bacteriorhodopsin-like proteins ranked among the most-expressed pfams. These two pfams 
together show evolutionary adaptations to maximize ATP generation in surface community algal 
blooms. Multidimensional scaling plots illustrated that the patterns of gene expression were unique 
to each station. This body of work will expand our understanding of river plume eukaryotic 
phytoplankton communities, and when these data are added to metagenome, prokaryote 
metatranscriptome and modeling data, modelers will be able to better forecast diversity, 
transcription and community evolution over broad space and time scales.
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CHAPTER ONE: 
INTRODUCTION 
 
Genomics and metagenomics 
 Genomics, the study of all the genetic potential of an organism, began with the complete 
nucleotide sequence of bacteriophage φX174 in 1978 (Sanger et al 1978). In 1995, the first 
genome of a living organism, a gram-negative anaerobic bacterium Haemophilus inﬂuenzae, was 
sequenced (Fleischmann et al 1995). Since 1995, the sequenced genomes available to the public 
have accumulated at an exponential rate (Figure 1), due to clone-independent, high-throughput 
sequencing platforms such as Illumina (Oliphant et al 2002), 454 (Rothberg and Leamon 2008), 
and Pacific Biosciences (Eid et al 2009), and their decreasing costs. The Genomes OnLine 
Database (GOLD, gold.jgi-psf.org) monitors genome and metagenome projects worldwide, and 
as of November 2014, GOLD is currently tracking 935 archaeal, 39183 bacterial, and 9250 
eukaryotic projects (Liolios et al 2010). Eukaryote genome sequencing is much more difficult 
due to the massive size of some genomes (the largest sequenced is Paris japonica, the 
Kinugasasō plant, with 150Mbp or about 50 times larger than the human genome) (Pellicer et al 
2010).  
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Figure 1: The exponential growth of bacterial, archaeal, eukaryotic, virus and metagenomic 
projects on GOLD over 7 years (Liolios et al 2010). 
 
  
A genomic study provides important information about an organism’s metabolic 
potential, adaptations to stressors, and even evidence of horizontal gene transfer. The comparison 
of genomes of similar species will give valuable insight into their evolutionary history, such as 
the diatoms (Bowler et al 2008). Bowler et al found that the Thalassiosira pseudonana and 
Phaeodactylum tricornutum genomes were drastically different, with a large fraction (~40%) of 
genes not being shared between lineages. With about 5% of diatom genes being from their 
bacterial endosymbiont, gene transfer between diatoms and bacteria was proposed as a way to 
explain their rapid diversification rates and quick dominance of ocean margins.  
One weakness in a genomics study is that the unequal distribution of genomic projects 
thus far present a bias when annotating genes from the environment using alignment tools such 
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as BLAST. Bacterial reference genomes are highly biased towards three phyla (Proteobacteria, 
Firmicutes and Actinobacteria) (Fernandez 2005), leaving major gaps present in the tree of life. 
Initiatives such as the Genomic Encyclopedia of Bacteria and Archaea pilot project at JGI 
(www.jgi.doe.gov/programs/GEBA) have been designed to fill in the gaps, but it will be many 
years until most lineages are well represented in the sequence databases. These problems/biases 
are worse with microbial eukaryote genomes, of which only a few have been completed to date. 
Dinoflagellates are particularly problematic because of their large nuclear genomes and 
repetitive DNA, which is thought to play a structural role to compensating for their nearly 
complete lack of histones (Hackett et al 2005). Due to these obstacles, a fully assembled 
dinoflagellate genome sequence may never be obtained. Transcriptomes, the sum of mRNA 
molecules (transcripts) produced in an organism, can instead be used for eukaryotes for which a 
full genome is hard to obtain. These mRNA libraries allow the examination of an organism’s 
genes without introns or repeating elements. The Moore Foundation’s Marine Microbial 
Eukaryote Transcriptome Sequencing Project (marinemicroeukaryotes.org) is using this 
transcriptome approach to collect genes of eukaryotes in culture (Keeling et al 2014). This 
project includes about 750 samples from different marine microbial eukaryotes and will allow 
interpretation of eukaryotic metatranscriptomic and metagenomic data with better resolution.  
Metagenomics attempts to describe all the genes present in a particular environmental 
sample. Most metagenomic studies are designed to answer at least one of two questions: What 
microorganisms are represented in the sample community? What functions do these microbes 
have the potential to do? Metagenomics studies circumvent the requirement of cultures, 
revealing genomes of organisms that are currently uncultivable. In addition, since the samples 
are obtained from communities, metagenomics enables hypothesis development concerning 
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interactions between community members. One intrinsic difference of metagenomics from 
genomics is that it lacks the endpoint of a complete finished genome. With the current 
technology, a complete genome of every organism in a diverse environmental sample is 
impossible (Kunin et al 2008).  
Comparing metagenomes over time and space can reveal fundamental differences in the 
communities. There are many websites that facilitate the comparison of metagenomes available 
in programs developed at IMG/M (Integrated Microbial Genomes with Microbiome samples; 
http://img.jgi.doe.gov/cgi-bin/m/main.cgi, (Markowitz et al 2008)), CAMERA (Community 
Cyberinfrastructure for Advanced Marine Microbial Ecology Research and Analysis; 
http://camera.calit2.net/index.php,(Seshadri et al 2007)) and MG-RAST (Meta Genome Rapid 
Annotation using Subsystem Technology; http://metagenomics.nmpdr.org, (Meyer et al 2008)). 
A large example of comparative metagenomics was done by comparing 45 distinct metagenomes 
in 9 different biomes (Dinsdale et al 2008). Dinsdale et al. reported that the nine biomes were 
functionally similar, with most subsystems being represented in all samples. However, dominant 
metabolisms differed between environments, confirming different characteristic functional 
profiles for each biome. 
 
Gene expression 
Gene expression is the transcription of DNA into messenger RNA (mRNA or transcript), 
which may be translated into a functional protein (or other active macromolecule). Some of the 
first gene expression studies relied on a technique developed in 1977 called “Northern Blotting”, 
where electrophoresis separates RNA by size and a hybridization probe detects a complimentary 
target sequence (Alwine et al 1977). Northern blotting was laborious, usually involved 
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radioisotopes, and required a large quantity of RNA, so different methods were sought. Reverse 
transcription PCR (RT-PCR) was a method devised to detect rare mRNAs in a sample (Gause 
and Adamovicz 1994). In RT-PCR, reverse transcriptase is used to convert the RNA to 
complementary DNA (cDNA), then primers designed to detect the complimentary sequence of a 
target gene are used with traditional PCR. Quantitative RT-PCR (qRT-PCR) is an extension of 
the RT-PCR method that uses fluorescent molecules to accurately quantify the target sequence at 
the end of each PCR cycle, and when paired with a standard curve of template RNA, the 
transcript abundance of a particular gene can be calculated (Heid et al 1996). 
A gene expression analysis requires isolation of mRNA from an organism or an 
environmental microbial community, usually to study the fluctuation of genes in response to 
changes in environmental conditions. Particular genes can be targeted using qRT-PCR to 
monitor changes in gene expression. For example, the expression of different forms of the large 
subunit of RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase) was used to understand 
the phylogeny of carbon fixation in the Mississippi River Plume (MRP) phytoplankton (John et 
al 2007). In this study, CO2 drawdown in a 50 X 90 km area surrounding the MRP was related to 
RuBisCO transcription. They demonstrated that the diatom/pelagophyte fraction of the 
phytoplankton was largely responsible for CO2 drawdown in the MRP. In addition, a Lagrangian 
drift study was used to record diel changes in RuBisCO transcript abundance (Figure 2), 
showcasing one major drawback to gene expression studies in the surface ocean: diel changes in 
expression. These diel patterns are well documented (Kramer et al 1996, Zinser et al 2009), and 
one way to avoid these biases is to take samples at the same solar-time each day. Another 
drawback to the use of mRNA is that there are post-transcriptional modifications that can delay 
or stop translation to a protein. Even proteins can be modified to reflect an active or inactive 
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state, therefore both gene expression studies and proteomics (the study of all proteins within an 
organism) do not ultimately represent processes an organism is actively using, but instead these 
studies serve as proxies.  
 
Figure 2: An example of a diel study looking at heterokont RuBisCO expression levels every 4 
hours with two different fractions of cell sizes in the Mississippi River Plume (John et al 2007). 
 
 
 
Transcriptomics and metatranscriptomics 
 A transcriptome represents all the transcriptionally active genes at the time of mRNA 
fixation. One characteristic of a transcriptome is that under-expressed or unexpressed genes will 
not be represented in the sequences, since highly expressed genes will dominate the library. 
Unlike the genome, which is essentially fixed for one cell line, the transcriptome can vary greatly 
with different external environmental conditions, making it powerful for detecting a genomic 
response to stimuli or stress. 
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 Some notable transcriptome projects involving marine microbial eukaryotes include 
diatoms (Hook et al 2014, Mock et al 2006, Mock et al 2008), a coccolithophore (Dyhrman et al 
2006, Richier et al 2011), and dinoflagellates (Bayer et al 2012, Lowe et al 2011). These studies 
have provided insight on environmental adaptation of these organisms by revealing how the 
diatom silica metabolism functions, the effects that pH has on calcifying coccolithophores, and 
how reef-building symbionts function.  
 Environmental transcriptomics (metatranscriptomics) examines the expressed genes in a 
community. Metatranscriptomics provides a way to observe how communities respond to 
environmental changes. The first glimpse at an environmental transcriptome was the work of 
Poretsky et al. 2005, who built primarily prokaryotic mRNA libraries derived from two aquatic 
Microbial Observatory sites, while later prokaryotic transcriptome studies have focused on open 
ocean microbial populations (Frias-Lopez et al 2008). More recently, metatranscriptomics has 
been used to assess gene function in marine mesocosms (Gilbert et al 2008, Poretsky et al 2009). 
Data acquired has revealed how a community’s expression changes over diel cycles (Poretsky et 
al 2009)(Table 1). This diel study of the oligotrophic prokaryotic community revealed that 
expression is higher for energy acquisition genes during the day, while there is a greater 
expression of housekeeping genes, such as biosynthesis, at night. A metatranscriptome was also 
used to assess how the Deepwater Horizon oil spill affected bathypelagic bacterioplankton 
(Rivers et al 2013), revealing the primary pathways the petroleum-degrading 
Gammaproteobacteria used for hydrocarbon degradation. 
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Table 1: Biogeochemically relevant genes in the day/night metatranscriptome comparison of the 
prokaryotic fraction at Hawaii Ocean Time-series. This showcases how transcription differs over 
diel cycles (Poretsky et al 2009). 
 
 
After analyzing several metatranscriptomes, certain suites of genes may be of specific 
interest. Microarrays created from transcript sequences can quickly examine these differences in 
gene expression. Microarrays are chips with thousands of spots containing custom DNA 
oligonucleotides or larger gene fragments. Fluorescently labeled cDNA or cRNA hybridizes to 
the oligonucleotides under high stringency conditions, and fluoresces corresponding to the 
9 
  
amount of the cDNA or cRNA in the sample. Microarrays were originally developed to measure 
total genomic gene expression of a single organism in response to a stressor or environmental 
change (Mock et al 2008, Richmond et al 1999)(Figure 3). More recently, microarrays have been 
used for mixed populations under changing environmental conditions. Three main approaches 
have been taken: 1) Using a single organism array to target a low complexity environment (Parro 
et al 2007); 2) targeting the small subunit of rRNA for a community comparison (Peplies et al 
2004); and 3) targeting genes catalyzing important biogeochemical processes in a functional 
approach (Hewson et al 2007) or very large assays targeting many functions (He et al 2010, He 
et al 2007).  
 
 
 
Data management of metatranscriptomes 
 The first metatranscriptomic projects used Sanger sequencing to sequence inserts from 
clones containing cDNA created from the original mRNA. The scale of these projects were 
small, as most Sanger sequencing projects contain between 100-10,000 sequences, and these 
methods introduced cloning biases (Sorek et al 2007). However, later projects involving 
pyrosequencing (based on “sequence by synthesis”) yield 105-107 sequences without cloning. 
Illumina sequencing, used in this project, uses reversible dye-terminators and high resolution 
photography to identify the bases as they are incorporated by PCR into DNA strands (Metzker 
2009). Over 10 million sequence reads is standard, each around 150 bp (or longer if you use 
“pair-end” reads). To analyze these millions of sequences, a suite of bioinformatic programs 
must be utilized. 
10 
  
  
Figure 3: The upregulation (Red) and downregulation (Green) of all the genes in the genome of 
Thalassiosira pseudonana in response to silicon, iron, nitrogen, temperature and pH stressors 
(Mock et al 2008). 
 
 
There are many different algorithms available to annotate open reading frames (ORFs), 
the program used depends on the project and the hypotheses being examined. All RNAs can be 
analyzed using MEGAN (MEtaGenome ANalyzer; http://www-ab.informatik.uni-
tuebingen.de/software/megan), which is ideal for computing and exploring the phylogeny of a 
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sample. MEGAN utilizes a lowest common ancestor algorithm which annotates reads to taxa, 
reflecting the level of sequence conservation (Simon and Daniel 2011). Another way to examine 
community composition is with ribosomal RNA (rRNA), a non-coding RNA molecule in 
ribosomes. rRNAs can account for more than 60% of the total RNA in a cell (Ide et al 2010), and 
if examining mRNA, rRNA sequences can be detected and removed with the National Center for 
Biotechnology Information’s (NCBI) (http://blast.ncbi.nlm.nih.gov) nt database using blastn. 
Putative mRNAs can then be analyzed with a blastx comparison to NCBI’s nr protein database, 
by using MG-RAST which is based on the SEED database, doing a pathway analysis on KEGG, 
or in the past an analysis pipeline could be designed on CAMERA, but as of July 2014, this 
resource is no longer available (Mitra et al 2011, Sun et al 2011). MG-RAST uses subsystem-
based annotation to group sequences into subsystem categories facilitating comparison to other 
samples or projects. CAMERA allows for customized analysis pipelines, however large datasets 
of over ~5 million sequences become too large for analysis on the platform. Blastx provides 
information as to the identity of each sequence based on all the existing genes in the database.  
Many lineages in the tree of life which have not been extensively studied and their lack of 
representation in databases make interpretation of the phylogeny of mRNAs difficult (John et al 
2009). NCBI’s databases are highly biased with model organisms such as Xenopus laevis, Mus 
musculus and Drosophila sp., while many large groups of organisms have no complete genomes 
sequenced at all, such as all dinoflagellates. These problems lead to difficulties in interpreting 
metagenomic and metatranscriptomic data, particularly for eukaryotic phytoplankton (John et al 
2009). Therefore, although the functional information is often accurate in eukaryotic studies, the 
phylogenetic information pertaining to eukaryotic phytoplankton will be lacking until additional 
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mRNAs from the Moore Foundation’s Marine Microbial Eukaryote Transcriptome Sequencing 
Project are available. 
What constitutes a suitable gene identity varies with different publications and is usually 
based on the organisms being studied and the total amount of sequences recovered. Bit scores are 
often used to assess alignment strength. The bit score takes into account similar or identical 
residues, and any gaps that were introduced to align the sequences. In most projects, a bit score 
under 40 is considered unacceptable. Prokaryotic studies or projects with copious sequences tend 
to be more stringent in criteria for gene identification, and conversely smaller studies or ones 
pertaining to microbial eukaryotes tend to be more lenient with their annotations. 
For all the mRNAs identified by blastx analysis of the nr database, the COG database 
(Clusters of Orthologous Groups of proteins; http://www.ncbi.nlm.nih.gov/COG)(Tatusov et al 
2000) and the KEGG database (Kyoto Encyclopedia of Genes and Genomes; 
http://www.genome.jp/kegg)(Kanehisa and Goto 2000) can be used to further confirm a 
functional protein or pathway. The COG database compares protein sequences to complete 
genomes, with each cluster containing proteins and their groups of paralogs (Tatusov et al 2000). 
COG assignments are categorized in functional categories such as ‘Lipid Metabolism’. The 
KEGG database allows for the visualization of the functions of the cell and is categorized into 
systems, chemical, and genomic information (Kanehisa and Goto 2000). Marine sequences 
unidentified with blastx nr database can be compared against CAMERA unassembled ORFs 
predicted from the Global Ocean Sampling database (Yooseph et al 2007). Although this will not 
help in sequence annotation, such analyses enable determination of relative abundance in other 
marine microbial communities.  
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River plumes 
 A river plume is where river water slowly mixes with oceanic (or lake) water. River 
plumes are often easily visible due to their high concentrations of sediments, color dissolved 
organic matter, and/or phytoplankton. In subtropics and tropics, the warmer and less dense 
freshwater of the river will not mix easily with the cooler oceanic water (Garvine and Monk 
1974), and their different densities create a boundary layer (Figure 4). 
 
Figure 4: Depth profile of salinity in the Amazon River Plume at a higher salinity station taken 
by a CTD. The river plume exists at 0-15 m, the 15-55 m region includes the mixing of plume 
and oceanic water, and under 55 m, there is no influence from the river plume. 
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Oceanic river plumes are dynamic environments which have a complex role in carbon 
biogeochemistry, acting as both a source and sink of CO2 (Cai 2003, Lohrenz et al 2008). About 
half of the world’s annual photosynthesis occurs in the oceans (48 Pg C y-1), with continental 
margins supporting 10-15% of this production. Further calculations estimate that the margins 
may be responsible for >40% of oceanic carbon production (Muller-Karger et al 2005). In one 
study, the majority of the CO2 drawdown in the Mississippi River Plume (MRP) has been 
correlated with diatom carbon fixation gene expression (John et al 2007), likely a result of 
carbon concentrating mechanisms (CCM) developed by diatoms to fix CO2 to ensure their 
survival with the self-promulgated CO2 depletion (Raven et al 2008).  
 The MRP has been studied extensively, and its impact on the chemistry, geology, 
physics, and biology of the Gulf of Mexico extends thousands of kilometers from its mouth. At 
times, the MRP can reach the Florida Straits, and be traced as far north as Georgia (Hu et al 
2005). The MRP delivers 1.82 Tg N/yr (1.3 x 1011 mol N/yr) of ‘new’ N to the Gulf of Mexico 
(Dagg and Breed 2003). This fuels a remarkably high amount of primary production, which is 
often light limited by turbidity at low salinities (0.2-10). Production is often maximal at 
intermediate salinities (10 to 30), where river and oceanic waters freely mix (Liu et al 2004) - a 
region termed the high plume region. Although picoplankton such as Synechococcus are 
abundant in the offshore plumes (salinity >33; (Liu et al 2004, Wawrik and Paul 2004)), the 
highly productive intermediate salinity high plume region has been shown to be dominated by 
diatoms (Wysocki et al 2006). Simultaneous in-situ RuBisCO gene expression and CO2 flux 
measurements provide molecular evidence for diatom-driven CO2 drawdown in the MRP (John 
et al 2007).  
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The Amazon River has the largest discharge of all rivers (Gupta 2008), and interacts with 
the otherwise oligotrophic Western Tropical Atlantic Ocean with a river plume that can span up 
to 106 km2 (Molleri et al 2010). The Amazon River Plume (ARP) discharge is greatest around 
April and May, the least around November and December, corresponding to the wet and dry 
seasons (Figure 5) (Grodsky et al 2014). Depending on the month the waters exit the mouth, the 
ARP waters impact locations as far away as the Caribbean Sea and Africa (Figure 6) (Coles et al 
2013). 
 Discharge from the Amazon River is relatively the same year after year, and this is 
mostly due to averaging of rainfall over the 6,915,000 km2 size of the Amazon Basin that is 
roughly 40% the size of South America (Goulding et al 2003). This however, will not remain the 
case in the future since Brazil is investing heavily into dams for their hydroelectric power and 
irrigation (over 168 are planned for the Amazon River and its tributaries in the near future). To 
be completed in 2014, the Belo Monte Dam of the Xingu River, an Amazon River tributary, will 
be the third largest dam in the world, the capacity being over 11,000 megawatts (Fearnside 2006, 
Fearnside 2013). Once many of these dams finish, the discharge will considerably lessen, and the 
size and nutrient composition of the ARP will be affected, therefore affecting the associated 
microbial communities. 
 
Amazon River plume 2010 ANACONDAS/ROCA cruise 
 A 22 May to 25 June 2010 cruise aboard the RV Knorr (Figure 7) provided me the rare 
opportunity to support my metatranscriptomic data with rich metadata, much of it already being 
published (Coles et al 2013, Goes et al 2014, Satinsky et al 2014a, Satinsky et al 2014b). 
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Figure 5: The fluctuation in total Amazon River discharge over 11 years (Grodsky et al 2014). 
 
Figure 6: Float transport pathways with the primary month range of initiation, and the 
percentage of the drifters that follow this pathway for the >150 days modeled (Coles et al 2013). 
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Figure 7: Average chlorophyll a for the Knorr cruise (May 22 – June 25, 2010) with the 
locations of all stations analyzed in this dissertation (Satinsky et al 2014b). 
 
 One of the most comprehensive papers published from this cruise is from Joaquim Goes 
et al. (2014), where he examines the phytoplankton populations and how they correlate with all 
the other physical and chemical parameters measured during the cruise (Goes et al 2014). In this 
paper, an Advanced Laser Fluorometer was used to measure four different pigments to determine 
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phytoplankton community composition. Variations in the four pigments allowed the grouping of 
stations into three categories: estuarine, coastal mesopelagic, and oceanic (Figure 8). 
 
Figure 8: Using an Advanced Laser Fluorometer to detect 4 different pigments, this dendrogram 
showing the relativeness of each station was created using Bray–Curtis similarity index and 
group average linkage. The water types are Oceanic (OC), Coastal Mesopelagic (CM) and 
Estuarine (ES). The stations highlighted with red ovals correspond to the six stations examined 
in this thesis with microbial eukaryotic metatranscriptomes (adapted from (Goes et al 2014)). 
 
My sequences and corresponding metadata has been released in an announcement paper 
(Satinsky et al 2014b). Sequences released include metagenomes, “non-selective” 
metatranscriptomes, and poly(A)-tailed metatranscriptomes for the six stations that were sampled 
in duplicate. This manuscript highlights all the methods used, including the internal control used 
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to calculate gene abundance as transcripts per liter (Gifford et al 2011). In addition to this, a full 
analysis of Station 10, a diatom bloom on the outer continental shelf with salinity of 20.7 PSU, 
has been published to describe the microbial community transcripts in this autotrophic station 
(Satinsky et al 2014a). Free living cells were shown to be more abundant than particle-associated 
cells, and they also generated more transcripts for heterotrophy, carbon fixation, iron acquisition, 
nitrogen and phosphorous uptake. In the prokaryotic fraction, which was the focus of the 
manuscript, they showed that 22-65% of the genes were differently regulated in the free living 
and partial-associated fractions, displaying plasticity in gene regulation. 
  
Overview of dissertation 
 The communities within the ARP influence climate conditions and nutrient cycling; 
however, an in-depth metatranscriptomic analysis of how these eukaryotic phytoplanktonic 
communities survive and thrive in the plume waters is currently devoid. I hypothesize that there 
are measurable differences in gene expression for key biogeochemical genes along the ARP and 
the beginning of the dissertation developed methods to measure eukaryotic phytoplankton 
community gene expression. I also determined which genes were biogeochemically important at 
different stations along the ARP, which highlighted survival methods in carbon, nitrogen and 
phosphorous limited waters. The work here is presented in a chronological order, beginning with 
developing methods to obtain eukaryotic metatranscriptomes from surface communities to 
examining all microbial eukaryote genes in the Amazon River Plume. The work presented in this 
dissertation is composed of three chapters, a conclusion, and an appendix. Each of these chapters 
is meant to be its own research project, and they have either been published, submitted, or in 
preparation for peer-reviewed journals.  
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 Chapter One is the introduction that gives the background for genomics, metagenomics, 
transcriptomics, metatranscriptomics, bioinformatics, river plumes, and the summary of 
the Amazon River Plume 2010 ANACONDAS cruise. 
 Chapter Two describes a pilot metatranscriptome study of microbial eukaryotes in Tampa 
Bay. This work has been published in Limnology and Oceanography: Methods. (John et 
al 2009). 
 Chapter Three details the bulk of my dissertation: creating duplicate metatranscriptomes 
over six different stations in the Amazon River Plume from May 22 to June 25 2010. 
Expression patterns were shown to be stable over distance and time. This work focuses 
on comparing 31 biogeochemical genes throughout the stations to determine the 
biogeochemically important genes for different plume conditions. This chapter has been 
submitted to The ISME Journal. 
 Chapter Four describes the full analysis of the sequence data generated from the Amazon 
River Plume in chapter three. By comparing all sequences to the Protein Family library 
(pfam), the highly expressed pfams were discussed, and the biogeochemical pfams 
patterns of expression were compared to the patterns identified in chapter three. 
 Appendix A details the methods used to obtain sequences for the May/June 2010 ARP 
cruise. Also, the metadata collection is explained in detail. This paper has been published 
in Microbiome (Satinsky et al 2014b).  
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CHAPTER TWO: CREATION OF A PILOT METATRANSCRIPTOME LIBRARY 
FROM EUKARYOTIC PLANKTON OF A EUTROPHIC BAY (TAMPA BAY, 
FLORIDA) 
 
Note to reader 
 This chapter has been published in full (John et al 2009), and is included with permission 
from the Association for the Sciences of Limnology and Oceanography. I equally contributed to 
this entire project. Although I wrote several sections of this paper, Dr. David John was the 
primary author.  
Copyright 2014 by the Association for the Sciences of Limnology and Oceanography, Inc. 
 
Abstract 
Analysis of the suite of genes expressed by natural populations of phytoplankton can 
potentially elucidate valuable information about the types, cellular activity, and biogeochemical 
impacts of organisms present in the marine environment. Here we describe the construction of a 
pilot metatranscriptome library created from eukaryotic planktonic organisms in Tampa Bay, 
Florida, USA. RNA from cells greater than 2 µm was extracted and purified, and then poly(A) 
tailed mRNA was concentrated and amplified with linear amplification chemistry. Amplified 
RNA was converted to double-stranded cDNA using reverse transcriptase and DNA polymerase 
I (Klenow fragment), and cloned, and 232 clones were sequenced. Sequences with significant 
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GenBank BLAST homology revealed genes related to photosynthesis and nutrient acquisition, 
along with general cell functions. In total, 27% of sequenced transcript clones contained 
significant homology to Genbank sequences, 2% of the total were putatively derived from 
ribosomal RNA and 1% were most similar to sequences originating from prokaryotes.  About 
70% of the identified transcripts were putatively derived from eukaryotic phytoplankton, 
including diatoms, chlorophytes, and dinoflagellates.  Although small in scale, this study 
provides the basis for future efforts to characterize the metatranscriptome of marine 
phytoplankton populations.   
 
Introduction 
 
The biogeochemical cycling of globally important elements is intrinsically controlled by 
the expression of genes encoding the reactions catalyzed by the organisms (principally microbes) 
participating in these cycles. The sum of all gene transcripts in an organism is termed the 
transcriptome. The application of transcriptome analysis to natural environments 
(metatranscriptomics) affords an understanding of the expression of genes of the ambient 
microbial community in situ. The first glimpse at an environmental transcriptome was the work 
of Poretsky et al. (2005) who built primarily prokaryotic mRNA libraries derived from two 
aquatic sites: a tidal salt marsh creek (southeastern U.S.) and a hypersaline soda lake (Mono 
Lake, California).  Four hundred clones were analyzed from this library and amongst these were 
found transcripts encoding sulfur oxidation, acquisition of C1 compounds, and polyamine 
degradation. Although this was only a glimpse of the gene expression profile of these 
environments, it provided the proof of concept necessary for metatranscriptomics.  
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Other prokaryotic transcriptome research has focused on open ocean microbial 
populations and the use of pyrosequencing (Frias-Lopez et al 2008).  Pyrosequencing enables 
vastly larger libraries of relatively short reads; Frias-Lopez et al. evaluated 128,324 cDNA reads 
with an average length of 114 nucleotides (nt).  Subsurface water (240 L) from the oligotrophic 
Pacific Ocean near Hawaii was processed to extract total RNA.  In order to examine prokaryotic 
transcripts, poly(A) tails were linked to the community RNA extract and linear amplification was 
performed using polyadenylation-dependent amplification methods with a commercial kit 
(Ambion MessageAmp).  Amplified RNA was then reverse-transcribed to cDNA for 
pyrosequencing.  While the E. coli poly(A) polymerase used enables preferential adenylation of 
bacterial mRNA over ribosomal RNA (rRNA), a majority (53%) of the sequences obtained 
corresponded to rRNA.  Of the remainder, 12% (7275 sequences) matched known protein 
sequences from the NCBI non-redundant protein database (nr).  The class of protein-encoding 
genes most-frequently identified were those corresponding to microbial phototrophy, such as 
carbon fixation (Ribulose-1,5-bisphosphate carboxylase/oxygenase, i.e. RuBisCO, and glutamine 
synthase), light harvesting proteins, photosynthesis reaction centers, and bacterial 
proteorhodopsin.  Prochlorococcus-derived transcripts appeared to be highly represented. 
A metagenomic cDNA library targeting eukaryotic transcripts has also been reported 
(Grant et al 2006).  Three samples were analyzed, two from geothermal spring algal mats, and an 
activated sewage sludge sample.  The algal mat samples were not enriched for poly(A) RNA, 
while the sample from sewage sludge was split with a portion of the RNA enriched for poly(A) 
tailed transcripts with oligo(dT) magnetic bead capture techniques.  Total or poly(A)-enriched 
RNA was reverse transcribed and subsequently amplified using polymerase chain reaction 
(PCR), prior to ligation into lambda vectors.  A total of 53 clones from the algal mat samples, 24 
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from sludge total RNA and 23 from poly(A)-selected sludge RNA were sequenced and analyzed.  
Sequences from algal mat samples revealed 6 possible proteins while 60% of the sequences were 
putatively derived from rRNA.  From the activated sludge samples, the total RNA preparation 
resulted in 5 rRNA sequences (20%) while only 1 of 23 clones from poly(A)-enriched RNA 
represented rRNA.  Sequences with homology to known proteins indicated a diverse assemblage 
of genes with primarily eukaryotic origins.  A large fraction of the algal mat sequences were 
derived from prokaryotic organisms, which the authors speculate could have been due to 
mispriming of the reverse transcription or polyadenlyation of prokaryotic RNA, along with a 
very low population of eukaryotic microbes.  Although not from a marine source, this paper does 
introduce the use of metatranscriptomics for eukaryotic organisms in environmental samples.   
We are principally interested in understanding the suite of genes expressed by eukaryotic 
phytoplankton.  Tremendous advances have been made in understanding the transcriptomes of 
marine diatoms in culture (Mock et al 2006, Mock et al 2008, Scala and Bowler 2001).  These 
studies have provided insight on environmental adaptation of these organisms and specifically on 
the functioning of silica metabolism and deposition, a prominent oceanic biogeochemical 
process.  Additional efforts at describing gene expression in cultured phytoplankton have been 
reported.  Dyhrman et al. (Dyhrman et al 2006) have employed serial analysis of gene expression 
(SAGE) with Emiliana huxleyi to identify differentially expressed transcripts in cultures under 
nitrogen or phosphorus starvation.  Likewise, (Erdner and Anderson 2006) have evaluated the 
expression profile of the toxic dinoflagellate Alexandrium fundyense under nitrate- and 
phosphate-limited conditions using Massively Parallel Signature Sequencing (MPSS).  Both 
these techniques claim to provide quantitative gene expression profiling while employing 
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extremely short (21 nt or 17 bp respectively) sequence tags.  Further investigation of 
differentially expressed tags can be performed using RT-PCR methods.   
Our objective was to establish a method for capturing the metatranscriptome of the 
eukaryotic plankton population in aquatic/marine samples.  The basis for such methodology is to 
eventually enable ecological descriptions based on the suite of genes expressed in the organisms 
active in a given marine region (e.g. oceanic or coastal river plumes).  While Grant et al. present 
a method for obtaining elements of a eukaryotic metatranscriptome from algal mats and activated 
sewage sludge, their interest was chiefly in collecting full-length transcripts for potential 
biotechnology applications, thus their use of long-distance PCR for amplification of the 
transcript pool.  However, the linear RNA amplification technique first established by Eberwine 
et al. (Eberwine et al 1992, Vangelder et al 1990) is the more common and established method 
for unbiased amplification of cDNA signal for expression profiling, generally by microarray 
hybridization (Feldman et al 2002, Kacharmina et al 1999, Li et al 2004, Pabon et al 2001, 
Polacek et al 2003) but also in work on metatranscriptomes of prokaryotic populations, including 
the research discussed above (Frias-Lopez et al 2008, Moreno-Paz and Parro 2006).  Linear 
amplification of RNA enabled by T7 RNA polymerase has been shown to introduce minimal, if 
any, bias for whole transcriptome profiling while allowing the detection of lower-abundance 
transcripts (Feldman et al 2002, Li et al 2004, Polacek et al 2003).  Conversely, analysis by 
Poretsky, et al. on the use of PCR in constructing their metatranscriptomic libraries indicated 
instances of bias in terms of selective amplification and unequal capture of transcripts.  Also, the 
exponential amplification of PCR can result in lower abundance templates in mixed pools being 
under-represented in the final amplicon pool (the Monte-Carlo effect, (Karrer et al 1995) and is 
not used for expression profiling.  Furthermore, considering the differences in sample 
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characteristics between algal mats, sewage sludge, and the marine plankton community (biomass 
concentrations, nature of the organisms, organic matter concentrations), validation of techniques 
for sample collection and eukaryotic metatranscriptome creation specifically from filtered 
seawater organisms is desirable.   
For this research, we sought to apply techniques for eukaryotic gene expression profiling 
to environmental plankton samples.  We desired to test the effectiveness of mRNA enrichment 
with poly(A) capture techniques and poly(A)-tail based linear RNA amplification for obtaining 
eukaryotic-specific cDNA clones in a library.  Our two primary questions were (1) if we could 
adequately sample for eukaryotic organisms over the more-abundant prokaryotic fraction and (2) 
what proportion of the sequences identified would be protein-coding vs. rRNA, to gauge the 
potential efficiency of future, larger-scale efforts for marine plankton community transcriptome 
profiling and the ecological information it could provide.  Here we provide a method for the 
production of eukaryotic transcriptomes of planktonic microbial populations. We present a pilot 
study of one such eukaryotic transcriptome of a surface water sample from a eutrophic harbor, 
and demonstrate that 70% of the identifiable transcripts were putatively of eukaryotic 
phytoplankton origin. 
 
Materials and procedures 
 
RNA extraction and purification 
Water from Tampa Bay, Florida was collected from the surface adjacent to our facility 
(lat: 27.7616, long: -82.6326) by a dip bucket, strained through a 50-µm mesh filter and 
immediately brought into the lab for processing.  The sample was collected one day after a 
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bloom of the non-toxic dinoflagellate, Peridinium (syn: Protoperidinium) quinquecorne, and 
thus represented a declining bloom sample.  Sampling occurred in mid-August at 10:00 AM 
local time.  Cells were collected on 47-mm, 2.0 m-pore polycarbonate filters (#11111, 
Whatman plc, Maidstone, Kent, UK) by passing approximately 180 mL bay water through each 
of 7 filters, for a total of 1.25 L filtered.  Water was filtered by gentle vacuum pressure (200 mm 
Hg vac.); the multiple filters were employed to reduce the length of time any given cell 
collection resided on a filter, thereby minimizing premature lysis of fragile cells or changes to 
expression profile.  The filtration was completed in approximately 15 minutes.  Filters were split 
between two 50-mL polypropylene centrifuge tubes (3 or 4 in each) and vortexed at maximum 
speed for 1 min. on a Vortex Genie 2 benchtop vortexer (Fisher Scientific, Pittsburgh, 
Pennsylvania, USA) with 40 ml additional bay water to liberate cells from filters.  After 
removing filters, cell suspensions were centrifuged at 7000xg for 10 min. at 15 C in a benchtop 
centrifuge.  
The supernatant was carefully removed leaving 2 mL overlying the cell pellet. 
Microscopic examination revealed that cells were not visible in the supernatant.  The cell pellet 
was resuspended in 6 mL Qiagen RLT buffer with 10 L/mL -mercaptoethanol (Qiagen 
RNeasy kit, Valencia, California, USA and Sigma-Aldrich, St. Louis, Missouri, USA, 
respectively) and transferred to a 15-mL conical centrifuge tube with x g 200-m low-protein-
binding zirconium grinding beads (OPS Diagnostics, Lebanon, New Jersey, USA).  This was 
vortexed at maximum speed for 3 min. to lyse cells and liberate RNA.  Microscopic examination 
at this point revealed some cells remained apparently intact after vortexing.  From this point, the 
sample was split to ensure we could both recover RNA from recalcitrant cells and prevent undo 
shearing of RNA from more-fragile cells that had already lysed due to bead beating, our aim 
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being to reduce potential bias towards either group.  Thus, the suspension was transferred to 
another 15-mL centrifuge tube to separate from the grinding beads, and centrifuged at 10,000xg 
for 5 minutes at 4 C to pellet un-lysed cells.  The supernatant (7 mL) was removed and purified 
with RNeasy midi columns; lysate was mixed with 4.9 mL 100% ethanol and split between 2 
columns (6 mL each), requiring 2 rounds of centrifugation following kit protocols to pass the 
volume through the columns for RNA binding.   
Concurrently, the pelleted cells were resuspended in 1.5 mL RLT buffer + -
mercaptoethanol by vortexing, and transferred to a 2-mL bead-beating tube with about 0.2 ml 
zirconium beads.  This was homogenized on a Biospec bead beater (Bartlesville, Oklahoma, 
USA) on “homogenize” (maximum) setting for 2 min., placed on ice for 5 min., and centrifuged 
for 2 min. at 16,100xg at room temperature.  The 1.5 mL supernatant was mixed with 1.1 mL 
100% ethanol and passed through an RNeasy midi column according to kit protocols.  The two 
“fractions” (fragile cells lysed by vortexing with lysis buffer and grinding beads, and recalcitrant 
cells requiring bead beating) constituted sufficient volumes such that processing in multiple 
RNeasy columns was necessary.  All columns were washed with 4 mL buffer RW1 (once) and 
2.5 mL buffer RPE (twice); RNA was eluted in 150 L RNase-free water for each of the two 
vortexed-only sample columns and 250 L for the single bead-beaten sample column.  Eluate 
volumes were passed through each respective column twice.  Eluates from the two vortexed-only 
columns were combined (300 µL), and the two RNA preparations were measured for quantity 
and purity on a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, 
Delaware, USA). Both fractions contained similar concentrations of RNA (45-55 ng/µl) and 
equal 260/280 nm absorbance ratios of 2.1.  Since both preparations contained a substantial 
quantity of RNA, purified RNA from the two fractions were at this point combined (total 550 
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µL) to ensure coverage of the entire plankton community in the sample with a single library.  In 
addition, our total RNA recovered was low for the recommendations of RNA quantity to be used 
in poly(A) enrichment (below).   
Enrichment for eukaryotic mRNA was performed using Oligotex poly(A) capture 
techniques (Qiagen).  Kit protocols for the Oligotex purification methods were followed for 500 
L volumes, except that incubation at room temperature to allow binding of poly(A) moieties to 
resin beads proceeded for 15 min. rather than the suggested 10 min., with gentle agitation every 
5 min. to enhance binding, as our total RNA concentration was below the minimum advised for 
500 L starting volume (recommended quantity is a minimum of 250 µg, we had 27 µg; RNA 
quantities are a persistent challenge for environmental metatranscriptomics).  Also, elution was 
performed with 30 L buffer OEB at 70 C twice, using the same volume passed through the 
column with re-heating in a heat block to 70 C for 1 min. between elution cetrifugations to 
maximize recovered RNA concentration.  The eluted poly(A) mRNA was again analyzed in the 
Nanodrop spectrophotometer revealing 720 ng poly(A)-enriched RNA had been recovered.   
 
Amplification of community mRNA 
Immediately after purifying poly(A)-tailed mRNA, the RNA was amplified using 
Ambion’s MessageAmp II aRNA amplification kit (Ambion, Austin, Texas, USA).  Following 
kit protocols, the RNA was processed to cDNA (first and second strand reactions) with a T7 
RNA polymerase binding site added via the T7 oligo(dT) primer, and frozen overnight at -20 C.  
The following day, the cDNA was purified using kit components and protocols, quantity of DNA 
was analyzed on the Nanodrop spectrophotometer, and the in-vitro transcription (40 L reaction) 
to create amplified antisense RNA was performed overnight (14 hours at 37 C), again according 
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to kit protocols.  RNA was then purified and eluted in 2x75 L (150 L total) RNase-free water, 
heated to 55 C. Yield was again measured using the Nanodrop, reflecting a concentration of 
1.15 µg/µL or 173 µg total.   
 
Reverse-transcription of amplified RNA and cloning 
Reverse-transcription was performed with a Superscript III reverse transcription (RT) kit 
(Invitrogen, Carlsbad, CA, USA) using 25 g amplified antisense RNA (aRNA) at a 
concentration of 1.15 g/L.  RNA was first heat denatured in a mixture of 25 L RNA, 8 L 
random hexamers (400 ng or 16 ng/g RNA), 5 L dNTPs, 12 L H2O, and incubated at 65 C 
for 5 min., then immediately placed in ice for 5 min.  A separate RT mix was made, scaled up 5X 
to accommodate the 25 g RNA: 10 L 10x reaction buffer, 20 L MgCl, 10 L 0.1 M 
dithiothreitol, 5 L RNase-Out (RNase inhibitor), and 5 L Superscript III reverse transcriptase 
(200 U/µL).  The two mixtures were combined and incubated 10 min. at room temperature to 
allow hexamers to bind, then transferred to 50 C for 2 hours.  The reaction was heated to 85 C 
for 5 min. to inactivate reverse transcriptase, cooled to room temperature and spun to collect 
volume to bottom, 5 L RNAse H was added, and the reaction was incubated at 37 C for 45 
min. then frozen at -20 C.   
The second strand synthesis was performed in the same reaction mixture as first strand 
synthesis; reaction components were 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 5 mM MgCl, 10 
mM DTT, and 333 M each dNTP.  To 27 L of this first strand reaction (the equivalent of 6.75 
µg starting aRNA template) was added 5 U DNA polymerase I (Klenow fragment, Promega, 
Madison, WI, USA), 1 L additional dNTP mix (10 mM each, from Invitrogen Superscript III 
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reaction kit), 1.2 L 10 mg/mL bovine serum albunium (for a reaction concentration of 400 
g/mL, Promega), and 0.5 L random hexamers (for a final reaction concentration of 8 ng/L).  
This second strand reaction was incubated 90 min. at 25 C, then heat inactivated at 75 C for 15 
min.  The DNA was purified with DNA Clean and Concentrate (Zymo, Orange, California, 
USA) with the addition of 3 volumes binding buffer (90 L) to facilitate column binding.  DNA 
was eluted in 50 L nuclease-free water heated to 50 C.  To ensure only double-stranded DNA 
was quantified, DNA was analyzed using Hoechst 33258 (Paul and Myers 1982) which indicated 
1.5 µg was recovered (30 ng/µL). The eluate was also evaluated in the Nanodrop ND1000 and 
by Ribogreen RNA assay (Invitrogen), which revealed a considerable quantity remaining of 
either RNA or single-stranded DNA (measured at 115 ng/µL by Ribogreen, Nanodrop measured 
112 ng/µL based on the A260 absorbance correlation for double-stranded DNA).   
Since RNA has the potential to interfere with DNA phosphorylation required for blunt-
end cloning, an RNase digestion was incorporated into the procedure.  Phosphorylation was 
performed using T4 polynucleotide kinase (Promega), which is accompanied by a reaction buffer 
concentrate.  An initial RNase digestion was performed with 4 L kinase 10X buffer, 2 L 0.1 
mM ATP (Promega), 2 L RNase One (Promega), 10 L eluted DNA (300 ng double-stranded 
cDNA), 22 L nuclease-free water for a final reaction volume of 40 L.  The digestion was 
incubated 1 hour at 37 C, and directly to it was added 1 L polynucleotide kinase, followed by 
another 1-hour incubation at 37 C.  The reaction was halted by the addition of 2 L 0.5 M 
EDTA.  DNA was purified on with the Zymo Clean and Concentrate columns, with three wash 
steps rather than the suggested two, and eluted in 25 L nuclease-free water.   
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Cloning was performed with the pSmart – CloneSmart HCAmp cloning vector and kit 
(Lucigen, Middleton, Wisconsin, USA) as follows: 6.5 L phosphorylated cDNA (78 ng DNA 
equivalent) was mixed with 2.5 L 4X pSmart vector mix and 1 L ligase (both from kit) and 
incubated at 25 C for 2 hours.  Cloned vector was transformed via electroporation into Lucigen 
“E Cloni” 10G Supreme Duo cells with a Bio-Rad Micropulser (Bio-Rad, Hercules, CA, USA) 
on Ec1 setting as directed in cloning kit protocols; 1 µL ligation mixture was used to transform 
cells.  Recovered cells were spread on YT plates with 100 g/ml ampicillin and grown overnight 
at 37 C.   
Individual colonies were picked and screened by PCR for adequately sized inserts.  
Screening PCR was performed with Promega taq polymerase using the pSmart sequencing 
primers SR2 and SL1.  PCR amplicons indicating an insert size greater than 200 base-pairs (bp) 
were retained and sent for sequencing.   
  Two hundred-thirty two cDNA clones from the metatranscriptome were sequenced 
(average query size 350 bp).  BLAST searching (NCBI Genbank, using blastn and blastx) 
revealed 64 of these showed homology to previously identified sequences with BLAST scores 
40 bits, as used in Frias-Lopez et al. for establishing significance of hits (Frias-Lopez et al 
2008).  These 64 sequences were submitted to Genbank; 59 that were homologous to protein 
coding sequences (identified by translated BLAST search) were submitted to the EST database 
with accession numbers GH571923 – GH571981, and 5 that were homologous to ribosomal 
RNA sequences were submitted to the non-redundant nucleotide database with accession 
numbers FJ643611 – FJ643615.   
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Assessment 
 
RNA purification and amplification 
From the filtered seawater volume of 1.25 L, a total of 27 µg RNA was recovered as 
measured by spectrophotometry.  Since DNase digestion was not included in the RNeasy 
purification protocol, a portion of this signal may have been DNA, although the portion is likely 
to have been very small as the RNeasy methods strongly favor recovery of RNA.  The RNeasy 
literature states that potential DNA contamination is generally only a concern for sensitive 
techniques such as RT-PCR wherein a proportionally small fraction of DNA could be amplified 
by specific primers thereby skewing results.  Two treatments were employed to lyse cells and 
liberate RNA: vortexing the filters with lysis buffer which is likely to recover RNA from delicate 
cells, and a bead-beating homogenization step of the remaining particulate matter which should 
enable recovery of additional RNA from cells with more resistant cell walls.  Quantification of 
RNA from the two treatments revealed that each resulted in isolation of approximately equal 
amounts of total RNA, 13.4 µg RNA from the fraction that was only vortexed and 13.9 µg from 
the fraction homogenized by bead-beating.  Again, in order to fully capture the 
metatranscriptome from both recalcitrant cells requiring bead-beating and more-fragile cells 
lysed by vortexing in RLT lysis buffer, we combined these two fractions to create a single clone 
library.  While homogenizing the entire lysis buffer/cell suspension volume via bead-beating 
would have captured all the RNA without dividing into fractions, our concern was that this might 
unduly shear RNA already liberated from the easily-lysed cells.  Yet, we did not want to lose the 
substantial RNA (approximately half of the total, as it was revealed) contained within cells that 
required more intense treatment to lyse.  It may be that concerns over shearing were unfounded; 
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RNA integrity of the fractions was not analyzed for this pilot project, as our concern was 
primarily if we could adequately capture eukaryotic protein coding sequences.   
Regardless of quantities of total RNA and any contaminating DNA, we selected for 
messenger RNA for downstream processes via isolation of poly(A)-tailed mRNA using 
oligo(dT)-coated beads (the Qiagen Oligotex process).  From the 27µg total RNA processed, 720 
ng was recovered using the Oligotex protocol, representing 2.7% of the total RNA.  This should 
have been rather restricted to eukaryotic origin.  However, as we observed from sequencing of 
clones, a small fraction was putatively of prokaryotic origin or rRNA (approximately 1% and 
2%, respectively; Table 2 and Figure 9).  This mRNA was amplified using chemistry wherein an 
oligo(dT) reverse-transcription primer complementary to the 3’ poly(A) tail is linked to a T7 
phage RNA polymerase promoter sequence; hybridization to the poly(A) tail and reverse 
transcription forms a 5’ extension with the T7 promoter on the antisense cDNA strand.  The 
reverse transcription primer was anchored such that it should anneal to the beginning of the 
poly(A) tail.  By use of T7 RNA polymerase, a starting mass of 192 ng purified mRNA was 
amplified to 173 µg antisense RNA (aRNA). The MessageAmp protocol thus resulted in an 
approximately 900-fold amplification of community RNA. If all 720 ng of poly(A) RNA had 
been amplified using the MessageAmp technique, we could have theoretically generated a total 
of 648 µg amplified RNA.   
Conversion of the antisense RNA to cDNA for blunt-end cloning employed reverse-
transcriptase for first-strand creation, based on random hexamer primers, and DNA polymerase I 
(Klenow fragment) and additional random hexamer primers for second-strand synthesis.  For the 
first-strand synthesis, 25 µg aRNA was used, and a fraction of this reaction (27%) equating to 
6.75 µg of the original template was used for second-strand synthesis.  Quantification of double-
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stranded cDNA using Hoechst 33258 revealed that from a processed mass of 6.75 µg equivalent 
aRNA, approximately 1.5 µg cDNA was obtained after second-strand synthesis.  This equates to 
a conversion efficiency of about 11% accounting for the molecular weight difference between 
RNA and DNA.  Nonetheless, the amount of DNA recovered was sufficient to produce a large 
number of clones for sequencing, from the equivalent of only 78 ng RNase-digested, 
phosphorylated and purified DNA.  If all 720 ng poly(A)-enriched RNA were amplified using 
the MessageAmp procedure (resulting in 648 µg) and converted to cDNA, even at an efficiency 
of only 11%, the theoretical yield created for downstream processes would be 71.3 g.   
A total of 912 clones were screened by PCR, and 367 (40%) of these contained an insert.  
The pSMART vector system does not enable blue-white colony screening, so 60% of the 
transformants screened did not have vector that ligated an insert from the cDNA.  Of those that 
did contain an insert, 266 (29.1% of the total clones screened) contained an insert of at least 200 
bp.  As this was a pilot project, only a few hundred clones (232) were sent for sequencing.  We 
estimated based on volumes plated and the number of colonies grown that our protocol could 
produce 40,000 transformants per electroporation transformation reaction.  Based on PCR colony 
screening, we would estimate that about 12,000 clones (~30%) would contain inserts greater than 
200 bp.  Based on the sequencing results, we can estimate that 25.4% (59/232 for our 
submissions) of those would contain putative protein-coding sequences with BLAST scores 40 
bits, while 2.1% were homologous to rRNA sequences.  Thus, we can extrapolate that each 
transformation could produce approximately 3050 sequences with homology to known proteins.  
If 78 ng of cDNA were phosphorylated and ligated, and since only 1 L of the 10 µL ligation 
mixture is used for each transformation, 10 transformations could be produced from every 78 ng 
of cDNA.  Thus, extrapolating our theoretical yield of clones to the maximum, if all 720 ng of 
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poly(A)-enriched RNA were amplified and converted to cDNA, which could produce up to 71 
g cDNA, this could produce up to 9100 transformation reactions, resulting in a potential yield 
of 27.755 million sequences with homology to known protein-coding sequences!  Clearly such a 
theoretical maximum would not be achievable due to other limiting resources (funding, 
personnel, time, etc.), but lack of available nucleic acid material should not be among them.   
 
Clone library analysis 
Sequenced cDNA (metatranscriptome) clones were analyzed via translated (amino acid) 
and nucleotide BLAST searches against the NCBI Genbank database (Altschul et al 1990).  
BLAST results of either type which returned a score of 40 bits or higher were identified as a 
“hit” for further characterization.  Of the 232 clones sent for sequencing, 64 (27.5%) returned 
search results meeting this threshold.  The average query size of acceptable hits was 293 
nucleotides and the median was 243.5 nucleotides.  The average BLAST score from these was 
93.8 bits and the geometric mean of expectation values was 3.54 x10-15.  Table 2 displays hits 
that corresponded to protein or hypothetical protein genes, along with the organism of the 
highest-ranking database listing.  Listings labeled as “similar” indicate that the highest-ranking 
hit did not specify a putative protein product (only “predicted protein”), so the organism of this 
hit is given with the best match or consensus among other, better-described proteins.  Omitted 
from this table are 5 hits to rRNA gene sequences, 4 related to mitochondria of the dinoflagellate 
Karlodinium micrum, and one to the mitochondria of the calenoid copepod Labidocera jollae.   
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Table 2. Listing of protein coding genes identified by translated BLAST (BLASTX) searches 
from the Tampa Bay metatranscriptome.  Accession numbers of the sequences derived from our 
library are GH571923 – GH571981 in the EST database.  Corresponding organisms, BLAST 
scores, identity percentages (of amino acid sequences over homologous areas only, not entire 
query) and Genbank accession numbers of the homologues are listed.  The predicted protein 
homologue is the closest identifiable protein to the best match, in cases where the top entry was 
listed as a hypothetical or unknown protein. sim. = similar to, indicating that another entry was 
used as a reference to the gene identity rather than that from the best hit indicated by the 
organism and accession numbers. 
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Table 3 summarizes the putative functions of genes identified from the 
metatranscriptome.  About half (48%) are related to intracellular biochemical metabolism, such 
as protein and nucleic acid modification or metabolism (synthesis and degradation), and 
ribosomal protein-related genes.  Also identified were important transcripts related to nutrient 
acquisition or metabolism of autotrophs (8%), such as a silicon transporter and carbonic 
anhydrase, and light harvesting and photosynthetic pigment associated genes (8%).  Eleven out 
of the 64 were homologous to predicted proteins such that we could not identify a putative 
function; all these were hits to the newly sequenced genome of the diatom Phaeodactylum 
tricornutum.   
 
Table 3. Putative functions of the characterized protein products from transcriptome sequences.  
General function associations were determined as necessary from the protein family (pfam), 
conserved domain, and COG databases of the NCBI.  General cellular functions such as protein 
and nucleic acid synthesis, modification, or degradation and ribosome-related genes were most 
frequently observed.   
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The phylogenetic associations of resulting sequences are summarized in Figure 9.  Over 
70% of the hits were putatively derived from eukaryotic algae, namely diatoms, chlorophytes, 
and dinoflagellates.  Smaller proportions of the sequences corresponded to other types of 
organisms: invertebrate animals, fungi, heterotrophic protozoa, heterotrophic bacteria, plants, 
and vertebrate animals. The source organism most commonly identified for homologous 
sequences to our metatranscriptome library (25 out of 64 hits) was the diatom Phaeodactylum 
tricornutum CCAP 1055/1, whose genome and predicted protein-coding sequences were only 
recently updated to Genbank (Bowler et al 2008).  It is important to note that for many 
eukaryotic genes, sequences may be very similar among seemingly distantly related organisms, 
and the Genbank database is heavily weighted in favor of those organisms most frequently 
studied for molecular genetics or whose genomes have been sequenced.  Many sequences we 
identified likely derived from organisms whose particular gene has not been characterized.  It is 
possible that a significant fraction of the remaining 182 sequences which did not indicate 
homology to known organisms’ genes may have been sequences from organisms that have 
simply not been characterized or submitted to Genbank.   
 
Discussion 
This is the first report of a metatranscriptome from eukaryotic marine plankton.  In 
conducting this experiment as a proof-of-concept exercise, we attempted to establish sample 
processing and molecular biology techniques that will enable future, more intensive 
constructions of transcriptome profiles from marine phytoplankton samples.  In targeting 
eukaryotic organisms, we circumvented the significant challenge of some previously reported 
efforts towards obtaining environmental metatranscriptomes from prokaryotic organisms (Frias- 
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Figure 9. Taxonomic associations of metatranscriptome sequences from Tampa Bay.  
Associations are based on the identity of the best matching hit from BLAST searches, and 
categorized as shown.  About 70% of the sequences were putatively derived from eukaryotic 
phytoplankton, which could be further divided as shown in the sub-chart on right.   
 
Lopez et al 2008, Poretsky et al 2005).  The presence of poly(A) tails on eukaryotic mRNAs 
allowed for selection of these molecules using well-established, commercially-available means.  
The selection method applied was quite successful, in that only 5 of 232 sequenced clones 
(2.2%) corresponded to rRNA (all eukaryotic organisms) and only 3 of 232 (1.3%) were most 
closely related to prokaryotic RNA, while 25.4% were homologous to known eukaryotic protein 
coding sequences.  Since mRNA makes up only a small portion of total cellular RNA, most 
being in the form of rRNA, the presence of a relatively large percentage of eukaryotic mRNA 
sequences in our library indicates adequate selection via both the Oligotex mRNA selection kit 
and amplification of poly(A) RNA using the oligo(dT) primer in the MessageAmp procedure.  
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 Approximately 70% of scored hits were related to phytoplankton, specifically diatoms, 
chlorophytes, and dinoflagellates.  Gene sequences uncovered in the pilot metatranscriptome 
reveal a diverse assemblage of cellular activities.  Transcripts related to a number of general 
cellular processes such as protein, amino acid, and nucleic acid synthesis, modification, and 
degradation were observed as would be expected.  Also significant are the numerous protein 
groups related to autotrophic/photosynthetic growth and biogeochemical function, such as a 
silicon transporter, vitamin or co-factor metabolism, carbon acquisition/fixation (carbonic 
anhydrase and RuBisCO small subunit), light harvesting or pigment proteins, and phosphatases.  
Naturally, all these functional gene groups were represented by sequences from phytoplankton.  
The identification of a putative dienelactone hydrolase gene was interesting.  Proteins of this 
class of enable degradation of chlorocatechol compounds, a class of organic molecules often 
known to be central intermediates in the biodegradation pathway of a large array of chlorinated 
compounds including polychlorinated aromatic compounds (PCBs) (Guan et al 2000, Neilson 
1990).  Its finding from a putative fungi in this sample is perhaps not surprising due to the large 
amount of urban surface water run-off entering Tampa Bay.  The other genes putatively derived 
from fungi are interesting as well, since little is known about the role of fungi in the marine 
environment.  However, marine fungi are often the target of research on natural products 
potentially useful in pharmacology (Kamat et al 2008, Kasettrathat et al 2008, Mayer and 
Gustafson 2008), and possibly bioremediation as suggested by incidence of the dienelactone 
hydrolase-like transcript.   
In the context of other metatranscriptome studies, the study by Frias-Lopez et al., 
although focused on prokaryotes, is most similar to the work presented here.  Genes they 
identified as most highly expressed in the oligotrophic sample site (Hawaii Ocean Time Series) 
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were related to photoautotrophy and photoheterotrophy.  Transcripts of photosystem I and II 
genes, RuBisCO large subunit, and light-harvesting protein genes were among the most 
frequently identified, as well as glutamine synthase and proteorhodopsin (light-activated ion 
transport, also identified from our library).  Likewise, transcripts involved with autotrophy, such 
as inorganic nutrient uptake, as well as photosystem and photosynthetic pigment proteins were 
found in our library.  Due to the small size of our library, any transcripts found are likely to be 
more highly expressed in the environmental population.  We did not find any RuBisCO large 
subunit gene transcripts (rbcL) in the eukaryotic transcriptome, but since this is a plastid gene, it 
is not typically poly(A)-tailed and thus would not be expected in abundance in our library.  We 
did identify a RuBisCO small subunit (rbcS) transcript.  However, rbcS in some organisms, 
particularly green algae and plants, is nuclear-encoded (Ellis 1981); the rbcS transcript we 
identified was most-closely related to the green algae Ostreococcus tauri (a prasinophyte).  
Transcripts from additional classes of proteins identified from our library were also found to be 
highly expressed in the Frias-Lopez et al. marine microbial metatranscriptome, such as protein 
synthesis genes (including ribosomal proteins), nucleic acid modification, and transport protein 
genes.   
Regarding the proportion of rRNA transcripts obtained, the challenges of isolating 
protein-coding transcripts from prokaryotes is apparent upon comparing the number we 
identified, 2% of the total sequences obtained, vs. the 53% rRNA sequences identified in the 
Frias-Lopez et al. study.  In the eukaryotic metatranscriptomes of Grant et al., the scale of their 
sequencing was even smaller than ours, but one important point is the recovery of rRNA, which 
from the samples they processed without poly(A) enrichment was 60% from the algal mats and 
20% from the activated sewage sludge.  However, poly(A) enrichment of a fraction of the sludge 
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sample reduced their rRNA recovery to 4% (1 in 23 sequences).  It is evident that while poly(A) 
enrichment of eukaryotic mRNA can dramatically reduce the amount of rRNA retained and 
eventually cloned/sequenced, some will unavoidably pass through the purification and poly(A) 
tail-based amplification.  This will only slightly reduce the efficiency of protein-coding sequence 
recovery from eukaryotic metatranscriptome libraries.   
The identification of such a diverse group of sequences from this small library suggests 
that much larger metatranscriptomic sequencing projects will be quite informative of gene 
expression activity from phytoplankton communities.  Characterization of actively transcribed 
genes would be an important complement to metagenomic studies, which identify the 
complement of genes present in an environment.  The use of larger-scale metatranscriptome 
techniques could allow future targeting of function-related activity for molecular biological 
studies, without a priori knowledge of important functional gene groups or sequence variants 
present in the sample.  The pairing of microarray technology with basic information uncovered 
by environmental transcriptomics could be particularly worthwhile.   
 
Comments and recommendations 
Based on the results of sequencing transcripts cloned using the methods described here, 
we believe that successful capturing of the eukaryotic plankton metatranscriptome could be 
enabled from other marine samples.  We obtained only 2% rRNA sequences, and only 3 of the 
64 sequences with good homology to known genes/coding sequences were ostensibly derived 
from prokaryotic organisms.  Of these, only the proteorhodopsin would unequivocally be derived 
from prokaryotes.  The remaining two were relatively poor hits to different sequences (oddly, 
both with scores of 41.2 bits and expectation values of 0.029, verification revealed this is not an 
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error and they are not homologous to each other).  In both cases other, slightly less robust, 
homologies were found to protein sequences of various eukaryotic and other prokaryotic 
organisms, many of which were uncharacterized predicted/hypothetical protein coding 
sequences.  It seems likely that these two clones from our library are derived from an organism 
that is poorly characterized or poorly represented in Genbank, and their identity as prokaryotic 
sequences is uncertain.  Thus we feel comfortable that the methods used for RNA extraction, 
poly(A) enrichment and poly(A)-based amplification successfully selected against prokaryotic 
organisms.  We did not perform a DNase digestion, and there is not indication from our results 
that this compromised the selection of eukaryotic mRNA sequences.  However, to fully rule out 
the possibility of capturing genomic sequences rather than mRNA, a DNase digestion of purified 
RNA would be advised.  Also during the course of sample processing, the additional sample 
water used to wash captured cells from the filters was not 0.2 µm-filtered; this volume 
represented approximately 6% of the total filtered.  While some prokaryotes were likely already 
entrained on the 2µm filters and larger organisms captured thereon, using unfiltered water likely 
introduced additional prokaryotic cells to the sample and to minimize their potential impact, 
rinsing water should be filtered.   
The methods employed in this pilot project for capturing transcriptomic sequences 
utilized cloning in a pSMART vector to create a library.  Although we estimated that potentially 
millions of protein-coding sequences could be obtained from eukaryotic plankton with the use of 
linear RNA amplification technology, the construction and screening of larger libraries would be 
quite cumbersome.  If larger efforts were to be undertaken with cloning, the use of a vector 
enabling blue-white colony screening would be strongly advised.  While the pSMART system 
we employed claims that blue-white screening is not necessary due to results indicating >99% of 
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transformants should contain plasmid with insert, we found that our ratio was only 40% (of 
transformants screened that carried a cloned insert at all), while only 29% carried an insert above 
our minimum desired size of 200 bp.  The result was the screening of many more clones than 
were actually sequenced.  Thus, the use of -galactosidase screening or the like would improve 
efficiency of clone selection.  Alternatively, using a greater mass of cDNA (we used 78 ng) in 
the ligation reaction may improve cloning efficiency.   
The use of cloning for large-scale projects would probably be unadvisable in light of the 
development of pyrosequencing technology (e.g. (Cheung et al 2006, Frias-Lopez et al 2008).  
The size of positive hits in our transcriptomic library averaged 293 nt (median 243.5 nt); we 
intentionally selected clones with an insert of at least 200 bp, although in some cases poor 
quality ends or other quality issues resulted in BLAST query sequences significantly shorter (the 
shortest query with a significant match was 83 nt, to the Karlodinium micrum LSU rRNA gene).  
While these average sizes are larger than obtainable with previous pyrosequencing methods 
(which were on average 150-200 bp reads with the GS 20 technology), newer technology is 
enabling greater read lengths of an average 250 bp using the GS FLX instrument and possibly 
soon 500 bp (Blow 2008).  For characterizing environmental transcript data sets, longer reads 
would be critical; read length is shown to be important for establishing relatedness to sequences 
with lesser degrees of homology (Wommack et al 2008).  Thus with the ability of future 
pyrosequencing instruments to return read lengths of 500 bp, the greater throughput and lower 
cost per read of this technology would provide a great advantage over Sanger sequencing of 
cloned environmental transcripts.  For future use in pyrosequencing, the yield of cDNA produced 
in this project would be more than adequate.  We calculated that if all the poly(A)-enriched RNA 
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we obtained were amplified and converted to cDNA, we could obtain a total of 71 µg double-
stranded cDNA; current pyrosequencing methods typically require at least 5 µg template.  
While we have demonstrated the feasibility of characterizing gene transcripts from 
eukaryotic plankton populations, our work should be viewed as proof of concept.  Future efforts, 
eventually employing pyrosequencing for much larger datasets, will hopefully enable more 
complete descriptions of the meta-transcriptome from varying marine environments.  This study 
provides a basis for enhanced development of environmental transcriptomic methods.   
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CHAPTER THREE: MICROEUKARYOTIC GENE EXPRESSION PARALLELS 
AMAZON RIVER PLUME BIOGEOCHEMISTRY  
 
Note to reader 
 This chapter is under review, in full, at ISME. I am the primary author. 
 
Abstract 
The Amazon River has the greatest discharge of all rivers on Earth, and is a complex 
system which fuels a wide array of biogeochemical processes, affecting global climate patterns 
through its 106 km2 oceanic river plume. The Amazon River Plume delivers carbon and nutrients 
that stimulate microbial processes affecting carbon sequestration and nutrient cycles. The total 
eukaryotic microbial community gene expression was investigated in the Amazon River Plume 
(more than 100 million mRNA sequences), which provided a robust library to examine metabolic 
pathways and interactions. Combining biogeochemical measurements with metatranscriptomics 
yields a simultaneous quantification of activity and identity of the community. Here I show that 
patterns of eukaryotic gene expression of 31 gene targets, including carbon, nitrogen and 
phosphorous-cycling genes, paralleled the biogeochemical activity of surface communities. I 
show how transcriptional data can be used to estimate microeukaryotic community composition 
as well as chemical properties of the water mass. For example, high nitrate transporter expression 
reflects low ammonium supply in conjunction with nitrate availability. Analysis of the replicate 
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metatranscriptomes demonstrated stable patterns of eukaryotic transcript abundance over space 
and time despite the fact that replicates were separated by up to 2.45 km in space and 120 
minutes. I conclude that eukaryotic transcript abundance can be stable over distance and time, 
forming a valuable tool to describe community gene function.  
 
Introduction 
The Amazon River delivers 209,000 cubic meters of fresh water per second to the 
tropical Atlantic Ocean (Gupta 2008), resulting in the massive Amazon River plume (ARP) . The 
salinity gradient within the 106 km2 ARP (Molleri et al 2010) harbors many distinct microbial 
communities that thrive under particular conditions. In lower salinity waters, where dissolved 
nutrients such as silica, iron, nitrate and phosphate are abundant, coastal diatom communities 
flourish (Subramaniam et al 2008). Once ammonium and nitrite are removed by the coastal 
diatoms, diatom-diazotroph association (DDA) blooms are believed to thrive, utilizing the 
remaining silica while symbiotic cyanobacteria fix nitrogen and transfer it to the diatoms (Foster 
et al 2011). These DDA blooms exhibit high rates of nitrogen and carbon fixation worldwide 
(Mague et al 1974, Subramaniam et al 2008). DDA blooms in the ARP sequester 1.7 Tmol of 
carbon annually, and DDAs have been reported in the Niger and Congo rivers as well as the 
South China Sea (Bombar et al 2011, Foster et al 2009). When silica and phosphate are no longer 
available, the nitrogen-fixing Trichodesmium blooms dominate, possibly thriving by regulating 
their buoyancy with gas vesicles to acquire phosphorous at depth (Villareal and Carpenter 2003).  
Metatranscriptomics, the collection and analysis of mRNA from a community of 
organisms, allows us to study the fluctuation of genes in response to changes in environmental 
conditions. The first glimpse at an environmental metatranscriptome was the work of Poretsky et 
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al. (2005) who built primarily prokaryotic mRNA libraries derived from two aquatic Microbial 
Observatory sites. Metatranscriptomics enables determination of how communities respond to 
environmental changes, including how the eukaryotic phytoplankton metabolism is affected by 
temperature (Toseland et al 2013), how the Deepwater Horizon oil spill affected bathypelagic 
bacterioplankton (Rivers et al 2013), and even how gene expression at one location varies 
depending on whether the cells are free living or particle-associated (Satinsky et al 2014a).  
Although much has been published about river plume communities, a metatranscriptomic 
analysis of microbial eukaryotes has not yet been utilized to examine the expression differences 
along a river plume salinity gradient. We use metatranscriptomics to show how 31 genes reveal 
key patterns of gene expression in response to the nitrogen, silica, phosphate, and carbon regimes 
in the ARP. These data enable hypotheses to be drawn on the physiologic status of communities 
such as the DDA population. We also demonstrate that replicates taken at slightly different 
locations and times show a particular robustness that has not been reported in other 
metatranscriptomic studies. Modeling efforts are currently focusing on using these data to 
expand predictive capabilities of ARP nutrient forecast models (Stukel et al 2013). 
 
Materials and methods 
 A detailed discussion of sample collection, DNA and mRNA processing, sequencing, and 
metadata collection can be found in a sequence-release announcement publication in Appendix II 
(Satinsky et al 2014b).  
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Sample collection 
At each of the six stations selected for analysis, surface water was collected by gentle impeller 
pumping (modified Rule 1800 submersible pump) through 10 m of tygon tubing (3 cm) to the 
ship’s deck where the water then flowed through a 156 µm mesh prefilter and was collected in 
20 L carboys. The water filtered (using a Masterflex peristaltic pump) through a 2.0 µm pore-
size, 142 mm diameter polycarbonate (PCTE) membrane filter (Sterlitech Corporation, Kent, 
CWA). Duplicate samples were collected for each station. After filtration, membranes were 
immediately submerged in RNAlater (Applied Biosystems, Austin, TX) in sterile 50 ml conical 
tubes, incubated at room temperature overnight, stored and shipped in liquid nitrogen, ad 
archived at -80oC until RNA extraction. All filtration and stabilization was completed within 30 
min of water collection, and the volume of filtrate passed through each membrane was recorded. 
 
RNA processing for eukaryotic metatranscriptomes 
Prior to RNA extraction, the filters were thawed, removed from the preservative solution, 
placed in Whirl-Pak® bags (Nasco, Fort Artkinson, WI), and flash-frozen in liquid nitrogen. A 
lysis tube was prepared for each sample consisting of a sterile 50 ml conical tube containing 10 
ml of RLT Lysis Solution (Qiagen, Valencia, CA) and 1.5 ml of 100 μm zirconium beads (OPS 
Diagnostics, Lebanon, NJ, USA). Filters inside the bags were broken into small pieces using a 
rubber mallet and transferred to the lysis tubes. Tubes were vortexed for 10 min to lyse cells, and 
RNA was purified from cell lysate using an RNeasy Kit (Qiagen, Valencia, CA). Following 
lysis, poly(A)-tailed mRNA was isolated from total RNA using an Oligotex mRNA kit (Qiagen, 
Valencia, CA), and mRNA was linearly amplified with a MessageAmp II aRNA Amplification 
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Kit (Applied Biosystems, Austin, TX). mRNA was converted into cDNA using the Superscript 
III First Strand synthesis system (Invitrogen, Carlsbad, CA) with random primers, followed by 
the NEBnext mRNA second strand synthesis module (New England Biolabs, Ipswich, MA), both 
according to manufacturer protocols. The 3’ adenine overhang was removed with T4 polymerase 
and the cDNA was purified using the DNA Clean and Concentrator -25 Kit (Zymo, Irvine, CA) 
with five volumes of DNA binding buffer. DNA was resuspended in 100 μL of TE buffer, and 
stored at -80oC until library preparation for sequencing. 
 
Sequencing 
cDNA was sheared ultrasonically to ~200-250 bp fragments and TruSeq libraries 
(Illumina Inc., San Diego, CA) were constructed for paired-end (150 x 150) sequencing using the 
Illumina Genome Analyzer IIx, HiSeq2000, MiSeq, or HiSeq2500 platforms (Illumina 
Inc., San Diego, CA). 
 
Bioinformatics 
 Paired-end reads were joined using the She-ra program with a quality metric score of 0.5. 
Paired reads were trimmed using Seqtrim. To remove rRNA and tRNA from the 
metatranscriptome reads, a Blastn search was performed against a database containing rRNA and 
tRNA sequences from Genbank. Reads with a bit score >50 to one of the sequences in the 
database were removed. Reads representing genes or transcripts of 31 selected proteins (database 
described below) were identified using a Blastx search against custom databases consisting of 
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multiple reference sequences from diverse taxa for each gene, along with their paralogs. Gene-
specific bit score cut-off values were used to numerate transcript counts for each sample. 
Sequences that hit the 31-gene database were also submitted to CAMERA to blastx against 
RefSeq for phylogenetic information. 
 A biogeochemical gene database was created to allow for higher confidence in 
annotations of these particular genes. Thirty one genes were selected for key biogeochemical 
categories such as carbon autotrophy, carbon heterotrophy, nitrogen, phosphorus, sulfur and 
silicon cycling. Ten to twenty amino acid sequences were collected to represent each protein or 
protein family. The sequences selected represented the full phylogenetic breadth of the gene, and 
sequences were only included if they were extensively studied in either physiological 
experiments or for their reported crystal structure. Paralogs of all 31 genes were also included in 
the database to eliminate false-positives. This gene-specific reference database was tested on a 
subset of Amazon reads using a bit score >40, and a re-analysis of the positive reads against the 
RefSeq protein database was used to adjust the composition of the database. A custom bit score 
cut-off value was used for each gene to ensure accurate annotations. 
DNA collection and library prep was done by Byron Crump and methods can be found in 
Satinsky et al (2014b). Metagenomic sequences were searched for 18S rDNA candidates via 
matching for a 18S reference covariance model using Infernal (Nawrocki and Eddy 2013). A 
Blastn (Altschul et al 1990) search was performed against SILVA (Quast et al 2013) (release 
115) to identify study-specific taxa to be included in the reference tree, in addition to a 
predefined set of core sequences representing the major eukaryotic lineages. The search was 
executed on a TimeLogic® DeCypher® system (Active Motif Inc., Carlsbad, CA) with e-value 
threshold ≤ 1E-100. Reference sequences were then aligned with MAFFT (Katoh and Standley 
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2013) using the G-INS-i setting for global homology. The generated multiple sequence 
alignment was visually inspected and manually edited and refined using JalView (Waterhouse et 
al 2009). A maximum likelihood reference tree was inferred under the general time-reversible 
model with gamma-distributed rate heterogeneity and an estimated proportion of invariant sites 
(GTR + Γ + I), implemented in RAxML (Stamatakis 2014) and the bootstrap support values 
assessed with the extended majority-rule consensus tree (autoMRE) criterion (Pattengale et al 
2010). The predicted metagenomic 18S rDNA sequences were mapped onto the reference tree 
using pplacer (Matsen et al 2010) with the default settings. The counts of the sequences affiliated 
with the nodes on the reference tree were normalized to the total number of sequences from their 
corresponding samples. The normalized abundances are visualized as circles mapped on the 
reference tree such that the diameters of the circles are proportion to the taxonomic abundances. 
Nitrate transporters (NRT) were additionally analyzed by performing hmmsearch (Eddy 
2011) for the NCBI CDD nitrate transmembrane transporter models, PLN00028 and NarK 
(COG2223) for eukarya and bacteria, respectively. Similarly, hmmsearch was performed against 
a comprehensive reference database compiled from NCBI RefSeq (Pruitt et al 2007) (release 60), 
microbial eukaryotic genomes from JGI (http://genome.jgi-psf.org/), and the recently released 
microbial eukaryotic transcriptomic libraries by MMETSP (http://marinemicroeukaryotes.org/). 
The sequences from the reference databases were used to infer a reference phylogenetic tree for 
the NRTs. Reference sequences were aligned with MAFFT (Katoh and Standley 2013) using the 
E-INS-i setting for multiple conserved domains and long gaps. The multiple sequence alignment 
was visually inspected and manually refined using JalView (Waterhouse et al 2009). A 
maximum likelihood reference tree was inferred under the WAG model for amino acid 
substitutions (Whelan and Goldman 2001) with gamma-distributed rate heterogeneity and an 
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estimated proportion of invariant sites (WAG + Γ + I), implemented in FastTree (Price et al 
2010). The branch confidence values were estimated using the Shimodaira-Hasegawa (SH) test 
(Shimodaira and Hasegawa 1999) with 1,000 resampling replicates. The NRT environmental 
ORFs were mapped onto the reference tree using pplacer (Matsen et al 2010) with the default 
settings. The numbers of ORFs affiliated with the nodes on the reference tree were normalized to 
the total number of transcripts from the corresponding samples. The normalized expression 
levels are visualized as circles mapped on the reference tree such that the diameters of the circles 
are proportional to the expression levels. 
 
Results and discussion 
 
Sample location and characteristics 
The >2.0 m size fraction surface water (156 m pre-filtered) was examined at six 
unique stations (consisting of replicates, 12 total samples, Supplemental Table 4) on a May/June 
2010 ARP cruise (Figure 10) to determine how expression patterns of biogeochemically relevant 
genes are related to eukaryotic phytoplankton processes and biogeochemistry. Replicates at each 
station were analyzed to determine variation in gene expression over distance and time sampled. 
A direct comparison of transcript counts between replicates was very similar (R = 0.922) over all 
the stations (Figure 11). The average difference between replicate transcript counts was 11.43%. 
Due to the similarity in replicates over space and time, we can deduce that eukaryotic 
phytoplankton communities can be stable over distances of at least 2.45 km and time intervals of 
up to 2 h, providing salinity, temperature, illumination, and nutrient regimes are similar. The 
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apparent homogeneity between replicates allowed us to average data from each station for 
further analysis. 
 
Figure 10. Salinity map of the May/June 2010 Amazon River Plume cruise aboard the RV 
Knorr. Salinity was measured from the underway salinity of the ship track, and the data was 
interpolated and contoured.  
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Figure 11. Log replicate 1 versus log replicate 2 plot of transcript counts at all six stations in the 
ARP. The dotted line represents the 1:1 line of identity. The 186 data points represent the 31 
genes measured at 6 stations. The average difference between replicate transcripts was 11.43%. 
 
18S rDNAs recovered from the metagenome were used to examine the eukaryotic 
community structure at the six stations (Figure 12, Supplemental Figures 15-20 and 
Supplemental Table 4). Over all six stations, the 18S rDNA recovered was 19.22% diatom, 
18.04% dinoflagellate, and 38.50% metazoan origin. The metazoan fraction was mostly 
copepods, their eggs or nauplii larvae would be smaller than the 156m mesh prefilter, and high 
concentrations of copepod nauplii have been associated with plume waters (Dagg and Whitledge 
1991). Station 10, with the lowest surface salinity (20.7) and the only detectible nitrate (0.36 
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mol L-1), contained a large diatom bloom consisting principally of the centric diatoms 
Thalassiosira and Cyclostephanos (Supplemental Figure 17). Stations 3 and 23 had surface 
salinities of 30.1 and 26.2 respectively and contained the largest metazoan population, largely 
consisting of Bestiolina similis, a copepod known to be at high abundance in nearshore waters 
(Chew and Chong 2011) (Supplemental Figure 16 and 18). Blooms of Hemiaulus hauckii, a 
diatom which often forms a DDA with the endosymbiotic cyanobacteria Richelia intracellularis, 
were reflected in the 18S rDNA libraries at stations 2, 10 and 25, and this population was also 
enumerated by epifluorescence microscopy (Supplemental Table 4). Station 25 had a more 
concentrated Hemiaulus hauckii bloom (3.71 x 105 cells L-1) than station 2 (2.58 x 105 cells L-1). 
Epifluorescent microscopy observations indicated the populations of DDAs at station 2 
possessed good cell integrity, brightly fluorescent chloroplasts and formed long chains, while 
DDA chains of station 25 were short and/or broken and had weak fluorescence, suggesting 
bloom senescence. 18S rDNA data suggests a large embryophyte (land plants) signature (51.09% 
of 18S rDNA) at Station 25. The sequences align weakly with the Mucuna genus, which consists 
of climbing vine and shrub vascular plant. Chlorophytes have very similar 18S rDNA sequences, 
and due to short sequence length, these embryophytes could have represented an uncultured 
chlorophyta. Finally, Station 27 was the most oligotrophic station, with the highest surface 
salinity (35.3), undetectable dissolved inorganic nitrogen, and the lowest eukaryotic 
phytoplankton cell counts (Supplemental Table 4). Here, the observed DDAs had empty frustules 
and the colonial free-living filamentous cyanobacterial diazotroph, Trichodesmium spp. were 
observed. 
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Figure 12. Metagenomic profiling of 18S rDNA for all six stations. Nuclear small subunit 18S 
rDNA maximum likelihood tree with the placement of environmental sequences. Circles each 
represent one branch, and sizes are proportion to the normalized taxonomic abundances. 
Individual trees for each station can be found in Supplemental Materials (Supplemental Figures 
15-20). 
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Expression of key biogeochemically-relevant genes 
Thirty one biogeochemical genes were selected to analyze the differences between 
stations. These genes were selected due to their participation in different nutrient cycles, robust 
published analyses, and adequate representative sequences to create a database. Once transcript 
libraries were collected for each station (Supplemental Table 5), they were normalized by library 
size. Normalizing by library size allows us to determine at the cellular-level exactly what was 
expressed in a particular environment, irrespective of sample biomass. Here we calculate and 
report the total sequences recovered for each gene for a library size of 10 million sequences per 
sample. Station 10 had the highest number of transcripts for 16 of 31 genes (Figure 13, 
Supplemental Table 6). This is likely a function of the thriving coastal diatom bloom fueled by 
nutrients derived from the Amazon River (e.g nitrate). 
A closer investigation of particular genes reveal interesting patterns. The large subunit of 
ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL) is a gene found in the chloroplast of 
many phytoplankton, where transcripts are not usually poly(A)-tailed. The poly(A)-tailed rbcL 
transcripts found are likely the result of post transcriptional modification, where chloroplast 
transcripts are polyadenylated to accelerate exoribonucleolytic degradation (Hayes et al 1999). 
The different forms of rbcL yield important information on the carbon fixing populations 
present. Form ID rbcL is found in diatoms (Tabita et al 2008) (amongst other heterokonts), and 
was most abundant at station 2, 10 and 25, all possessing diatom blooms. There is a strong 
correlation between diatom microscope counts and log RuBisCO form ID transcript abundance 
(R = 0.956; Supplemental Figure 22A). Interestingly, the eukaryotes at DDA stations put 
considerably more effort into transcribing Photosystem II protein D1 (psbA) than other stations.  
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Figure 13. Bar graph showing transcript abundance per 10 million sequences of 31 target genes 
at six stations. For 16 of 31 genes examined, the greatest transcript abundance was at the highly 
productive, lowest salinity station 10 (black bar). Each bar represents the mean of two 
independent metatranscriptomes taken at the same station. Source data can be found in 
Supplemental Table 6. 
 
PsbA is responsible for binding chlorophylls, quinones and metal ligands in the photosystem II 
reaction center. This protein undergoes rapid, light-dependent turnover (the “photosystem II 
repair cycle”). Under illumination psbA degrades, and repair or re-synthesis of the D1 protein is 
necessary to limit the accumulation of photodamaged photosystem II proteins (Bouchard et al 
2006). Photodegradation of the D1 protein occurs under any illumination at a rate roughly 
proportional to the transfer of excitation energy to the reaction center (Bouchard et al 2006). At 
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the DDA stations, most of the sediment in the plume had settled, increasing beam transmittance 
(Supplemental Table 4). The upregulation of psbA may be a repair mechanism for photosynthetic 
blooms in clearer waters, especially a rapidly photosynthesizing community.  
Carbonic anhydrase (CA) is responsible for the interconversion of bicarbonate and carbon 
dioxide and is a critical component of carbon concentrating mechanisms (CCMs) of 
photoautotrophs. Chlorophytes contains -CA (Moroney et al 2001), which was most abundant 
at station 3 and 10, and agrees with our observation that rbcL Form IB was highly expressed at 
these stations. -CA is commonly found in diatoms (Roberts et al 2007), the dominant active 
populations at stations 10 and 2. There is an inverse correlation between DIC and total CA 
transcripts (R = 0.802, Supplemental Figure 22B). As pCO2 becomes depleted due to high rates 
of photosynthesis, organisms with upregulation of CA will be more successful in supplying CO2 
to their carbon fixation machinery. Transketolase (tkt), part of the reductive Calvin-Benson-
Bassham Cycle, showed a similar inverse relationship with DIC (R = 0.58). 
Available nitrogen plays a large role in determining the phytoplankton population in 
marine communities globally. Since ammonium requires less energy than other sources to 
assimilate, it is the preferred nitrogen source for phytoplankton growth, however nitrate is used 
by phytoplankton if other forms of reduced nitrogen (ammonium, urea) are absent and there is an 
appreciable amount of nitrate to support high growth rates (Dortch 1990, Hildebrand 2005). A 
large phytoplankton bloom, mostly diatoms, was present at station 10, where eukaryotic nitrate 
transport (NRT) expression was highest. Station 10 was also the only station with measurable 
dissolved nitrogen (Supplemental Table 4). If an appreciable amount of ammonium is available, 
it strongly downregulates NRT expression since ammonium requires less energy for assimilation 
than other forms of nitrogen (Ward et al 2013), signifying that nitrate was the sole abundant 
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nitrogen source in this community. A phylogenetic analysis of NRT expression revealed most of 
the transcription was carried out by Chaetoceros diatoms and Micromonas chlorophytes 
(Supplemental Figure 23). The lack of detectable nitrate at the other stations explains their low 
abundance of NRT transcripts since slower growth rates can be supported by recycled nitrogen. 
Ammonium transporter (amtB) expression levels were highest at the DDA stations, where 
symbionts fix nitrogen and transfer nitrogen to the diatoms (Foster et al 2011), possibly in the 
form of ammonium (Ward et al 2013). Urea occurs frequently in nature as a result of release of 
nitrogenous wastes and is considered “recycled N”. Urease, synthesized by almost all organisms, 
is used to hydrolyze urea to carbon dioxide and ammonia. This conversion provides an important 
nitrogen source in otherwise nitrogen-limited environments, however the Richelia and Calothrix 
symbionts in the DDAs lack both urease and urea transporters (Hilton et al 2013). We observed 
that the urea transporter (UT) showed the most transcript abundance at stations closest to the 
mouth of the river, likely for the same reasons as NRT. 
The low affinity phosphate transporter (pitA) is highly expressed at station 2, consistent 
with a thriving phytoplankton bloom with available inorganic phosphate (Pi). PitA is expressed 
when Pi is plentiful, but when present in low concentrations, the high affinity phosphate 
transporter is induced instead (Muchhal et al 1996). Station 25 was the only station without 
detectable Pi, and likewise had low expression of pitA. Polyphosphate kinase 2 (Ppk2) catalyzes 
the reversible transfer of the terminal phosphate of ATP to form a long chain polyphosphate 
(Hooley et al 2008). A biochemical characterization of ppk2 in eukaryotes has not been reported, 
and with the reaction being reversible, interpreting the differing levels of expression is 
problematic. Nonetheless, there was a correlation of ppk2 transcript abundance and phosphate 
concentration (R = 0.975, Supplemental Figure 22C) with the removal of the DDA stations 2 and 
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25. These stations have little or no measureable phosphate and likely are using some other 
method of acquiring phosphorous, such as pitA. This strong correlation at the other four stations 
suggests that cleavage of a terminal phosphate from a polyphosphate may be a scavenging 
technique for microbial eukaryotes under phosphate deplete conditions (Pick and Weiss 1991). 
Silica transport is required for the synthesis of diatom frustules. Diatoms need to maintain an 
intracellular concentration of soluble silica sufficient for complete cell wall synthesis, which may 
occur all within one hour (Hildebrand et al 1998). Regulation of synthesis is necessary to prevent 
polymerization prior to deposition (Hildebrand et al 1998). Consequently, all silica transporter 
proteins (SIT) are induced at once, just prior to the maximum incorporation of silica into the cell 
wall (Hildebrand et al 1998). High expression of SIT signifies a rapidly dividing diatom 
population, as observed at the diatom abundant stations. Station 27, with the smallest diatom 
population and the lowest silica concentration had the lowest SIT expression. 
 The abundance of chitinase (casE) and chitin synthase (Chs3p) transcripts together can 
account for the fate of chitin in the microeukaryotes in the ARP. Chitin synthase can be found in 
both copepods and diatoms, however since copepods were only minimally represented in station 
10, the measured chitin synthase expression is likely from diatoms containing this gene, such as 
Thlassiosira and Cyclotella (Armbrust et al 2004b, McLachlan and Craigie 1966). Diatoms 
produce chitin to decrease sinking rates by increasing buoyancy with extruding chitin fibers from 
the frustule pores (Armbrust et al 2004b, Round et al 1990). These chitin fibers can account for 
up to 40% of the total cell biomass (McLachlan et al 1965). Another role for chitin in diatoms is 
as a substitute constituent of cell walls during long-term silicic acid starvation (Durkin et al 
2009). However this is unlikely to be the case in our samples because the station where Chs3p 
expression was highest (Station 10) coincided with where silica concentration was the highest 
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(39.30 mol L-1). Chitinase expression was highest at Station 3, possibly in response to 
metabolizing the chitin produced near Station 10. 
 
Patterns of gene expression 
The relative magnitude of transcription of important biogeochemical gene functions often 
reflects or correlates to the biogeochemistry occurring there. For example, high expression of 
psbA co-occurs with a photosynthetic population at the surface of clear water (stations 2 and 25) 
and both SIT and Form ID rbcL are diagnostic of diatom populations. High expression of NRT 
signifies that the water mass may not have enough ammonium to support the photosynthesizing 
community, and therefore available nitrate is being used (station 10). Using a combination of 
these predictable differences of transcript abundances, or ‘patterns of gene expression’, certain 
characteristics of the stations can be related to the transcripts. Direct comparisons by ratios 
between the patterns of gene expression reveal the deviations between the stations (Figure 14). 
Station 10 shows high expression of chitin synthase III, perhaps for buoyancy or defense 
(Armbrust et al 2004a), and NRT due to the nitrate availability. Despite being sampled 238.3 km 
and 25 days apart, the DDA stations 2 and 25 show very little deviation between transcript 
counts, with the average difference between transcript abundance being 9.33%. This evidence 
supports the notion that patterns of gene expression are stable in similar microbial eukaryote 
communities living in similar environments.  
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Figure 14. Ratios of transcript abundance at stations 10:2 (black bars) and 25:2 (white bars). 
Station 10 has very high levels of eukaryotic nitrate transporter as well as chitin synthase 
compared to station 2. Note log scale. Stations 2 and 25 perform similar functions in the ARP. 
Thus the plot of the ratio of Station 25: Station 2 has smaller values than the ratio of stations 10 
and 2.  
 
 
Conclusions 
 This study demonstrates that patterns of gene expression of eukaryotic planktonic 
communities reflected the biogeochemical properties of those communities in the ARP. A 
stability in patterns of gene expression of similar planktonic communities over space and time, a 
phenomena previously regarded as impossible owing to the lability of transcripts, was 
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demonstrated. Phylogenetic information from the mRNA and the 18S rDNA combined enabled 
me to assign taxa to the transcripts observed in these environments. It was shown that DDA 
blooms put considerable effort into replacing their photosystem II D1 protein and acquiring 
silicon. In lower salinity, non-DDA diatom blooms, nitrate transporters are activated to use 
nitrate to support their high growth rates, and carbonic anhydrase (carbon concentrating 
mechanism) allows these diatoms thrive in low-CO2 waters. Finally, chitin synthase is 
hypothesized to be a mechanism used by diatoms in lower-salinity plume waters to decrease their 
sinking rates. These results, in conjunction with ongoing modeling efforts, will help with 
understanding the river plume microbial communities in this globally important ecosystem. 
Future research will involve sampling the ARP in different seasons, comparing the different 
patterns of gene expression between seasons, and using those data to ground-truth the ecosystem 
forecast models. 
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Figure 15.  Metagenomic profiling of 18S rDNA for Station 2. Nuclear small subunit 18S rDNA 
maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.   
78 
 
 
 
 
Figure 16. Metagenomic profiling of 18S rDNA for Station 3. Nuclear small subunit 18S rDNA 
maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.   
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Figure 17. Metagenomic profiling of 18S rDNA for Station 10. Nuclear small subunit 18S 
rDNA maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.  
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Figure 18. Metagenomic profiling of 18S rDNA for Station 10. Nuclear small subunit 18S 
rDNA maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.   
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Figure 19. Metagenomic profiling of 18S rDNA for Station 25. Nuclear small subunit 18S 
rDNA maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.   
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Figure 20. Metagenomic profiling of 18S rDNA for Station 27. Nuclear small subunit 18S 
rDNA maximum likelihood tree with the placement of environmental sequences. Circle sizes are 
proportion to the normalized taxonomic abundances.   
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Table 4. Metadata for the stations sampled in the ARP. Measurements taken in conjunction with 
the metatranscriptomes are listed here. Asterisks highlight where the concentration of the certain 
variable was beneath the limit of detection. 
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Figure 21: Pie charts showing 18S analysis of the six station in the ARP. Sample size numbers 
are the total 18S sequences identified from each station’s metagenome. The number of 18S 
sequences identified per station ranged from 1242 to 5514. 
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Table 5: Sequencing Data compiled for all the sequences obtained and analyzed at the six 
stations of the ARP. Duplicate samples were pooled to account for variations in the data that may 
occur from only taking one sample. 
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Table 6: Library-normalized gene counts for the 31 biogeochemically-relevant genes at the six 
ARP stations. Values are the average of the two replicates, per 10 million sequences. 
Bolded/underlined numbers highlight the highest expression for that gene.  
 
Gene 
Abbreviation 
Gene Name Station 2 Station 3 Station 10 Station 23 Station 25 Station 27 
rbcL_IB RuBisCO form IB 7 46 24 16 8 1 
rbcL_ID RuBisCO form ID 24 15 75 2 27 1 
psbA Photosystem II protein D1  9005 350 1487 106 8493 78 
a-CA Carbonic anhydrase (alpha) 216 367 332 266 179 161 
d-CA Carbonic anhydrase (delta) 740 484 2388 498 461 466 
tkt Transketolase 1117 697 2082 269 620 180 
casE Chitinase 277 565 110 182 385 171 
Chs3p Chitin synthase III  2 17 552 1 2 0 
bglA Beta-glucosidase  516 413 313 491 386 345 
GADPH Glyceraldehyde-3-phosphate 
dehydrogenase 
12782 6869 16908 6043 12237 6931 
GPI Glucose-6-phosphate isomerase 229 339 584 192 249 231 
metF Methylene tetrahydrofolate reductase 379 148 175 106 287 130 
phaB_phbB Acetoacetyl-CoA reductase 1676 1734 1883 1258 1478 1141 
phaA_phbA Polyhydroxybutyrate biosynthesis 1125 1294 898 1079 876 1063 
AA_Permease Amino acid permeases 236 188 536 100 287 64 
AAP Alanine aminopeptidase 106 116 236 62 70 54 
LAP Leucine aminopeptidase 370 684 557 442 282 251 
amtB Ammonium transporter 340 170 217 211 263 144 
ProAP Proline aminopeptidase 213 294 297 246 169 144 
UT Eukaryotic urea transporter 128 204 661 171 96 51 
MetAP Methionine aminopeptidase 417 503 613 456 363 355 
NAT Eukaryotic nitrate transporter  563 212 7960 175 325 27 
pitA Low affinity phosphate transporter 484 72 216 153 182 80 
ppk2 Polyphosphate kinase 2 82 112 66 73 54 102 
cysK Cysteine synthetase A 294 353 447 278 246 217 
Xsc Sulfoacetaldehyde acetyltransferase 63 62 48 85 53 42 
SiR-beta Sulfite reductase (beta subunit) 118 104 370 68 137 37 
SIT Silicon transporter family  2046 400 1053 280 1666 215 
pdxH Pyridoxamine 5'-phosphate oxidase 89 74 29 45 109 199 
pdxK Pyridoxinal (pyridoxine, vitamin B6) 
kinase 
30 10 19 9 10 22 
thiC Phosphomethylpyrimidine synthase 1 2 61 0 0 0 
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Figure 22. Relationships between transcriptomic and biogeochemical data in the ARP. Panel A: 
The correlation between diatom microscope counts and log RuBisCO Form ID transcripts 
counts. Panel B: The inverse relationship of carbonic anhydrase transcript abundance to DIC 
concentration. Panel C: The inverse relationship between polyphosphate kinase 2 transcript 
abundance and phosphate concentration. Station 2 and 25 had little or no phosphate, due to the 
diatom bloom, however ppk2 was not upregulated. This evidence suggests that DDAs have 
different phosphorous acquisition pathways, such as using pitA.  
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Figure 23. Metatranscriptomic profiling of nitrate transporters (NRT) at the 6 six stations along 
the ARP using a maximum likelihood tree with the placement of metatranscriptomic predicted 
open-reading frames. Bootstrap support values ≥ 50% are shown. Circle sizes are proportion to 
the normalized expression levels. Branch lengths are log10-transformed. 
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Table 7: Background data for the 31 genes analyzed in the ARP.  
ID Gene/Protein Description Reference(s) 
rbcL IB Ribulose-1,5-bisphosphate 
carboxylase oxygenase form IB 
large subunit 
Catalyzes the first step in the Calvin-Benson-Bassham 
pathway of carbon fixation, where ribulose-1,5-
bisphosphate is carboxylated; form IB includes 
eukaryotes from Viridiplantae (Streptophyta, 
Chlorophyta) and Euglenozoa 
(Tabita et al 
2008) 
rbcL ID Ribulose-1,5-bisphosphate 
carboxylase oxygenase form ID 
large subunit 
Catalyzes the first step in the Calvin-Benson-Bassham 
pathway of carbon fixation, where ribulose-1,5-
bisphosphate is carboxylated; form ID includes 
eukaryotes from Stramenopiles, Rhodophyta and 
Haptophyceae 
(Tabita et al 
2008) 
psbA Photosystem II protein D1 Part of the photosystem II reaction center protein that 
binds the chlorophylls, quinones, and metal ligands; 
light-dependent turnover causes high rates of both 
synthesis and degradation  
(Lindahl et al 
2000) 
a-CA Alpha carbonic anhydrase Catalyzes interconversion of bicarbonate and carbon 
dioxide; found in animals, plants, eubacteria and 
viruses 
(Moroney et 
al 2001) 
d-CA Delta carbonic anhydrase Catalyzes interconversion of bicarbonate and carbon 
dioxide; found mostly in diatoms 
(Park et al 
2007) 
tkt Transketolase Key enzyme in non-oxidative part of the pentose 
phosphate pathway of all organisms and the reductive 
Calvin-Benson-Bassham cycle of photosynthesis 
(Hu et al 
2011) 
casE Chitinase Hydrolytic enzyme that breaks glycosidic bonds in 
chitin 
(Shirota et al 
2008) 
Chs3p Chitin synthase III Converts UDP-N-acetylglucosamine to  β-(1→4)-
linked N-acetylglucosamine polymers (chitin) 
(Durkin et al 
2009) 
bglA Beta-glucosidase Catalyzes hydrolysis of terminal residues in beta-
glucosides with release of glucose; degrades cellulose 
(Sternberg et 
al 1977) 
GADPH Glyceraldehyde-3-phosphate 
dehydrogenase 
Catalyzes the conversion of glyceraldehyde 3-
phosphate to D-glycerate 1,3-bisphosphate (sixth step 
in glycolysis); catalyzes the dephosphorylation of 1,3-
bisphosphoglycerate, using NADPH preferentially, to 
generate glyceraldehyde-3-phosphate, NAD(P) and 
inorganic phosphate in the Calvin-Benson-Bassham 
cycle  
(Avilan et al 
2012, Zhou 
and Ragan 
1994) 
GPI Glucose-6-phosphase isomerase Catalyzes the reversible conversion of glucose-6-
phosphate to fructose 6-phosphate (enzyme of 
glycolysis and gluconeogenesis) 
(Grauvogel et 
al 2007) 
metF Methylenetetrahydrofolate 
reductase 
Rate-limiting enzyme in the methyl cycle; Converts 5, 
10-methylenetetrahydrofolate to 5-
methyltetrahydrofolate; 5-methyltetrahydrofolate 
with methionine synthase converts homocysteine to 
methionine 
(Botto and 
Yang 2000) 
phaB/phbB Acetoacetyl-CoA reductase Involved in polyhydroxyalkanoic acid synthesis (used 
as carbon storage compounds); Converts (R)-3-
hydroxyacyl-CoA to 3-oxoacyl-CoA 
(Rehm and 
Steinbüchel 
1999) 
phaA/phbA Polyhydroxybutyrate biosynthesis Catalyzes the final step of beta oxidation, cleaving 3-
ketoacyl CoA by the thiol group of another CoA 
molecule; Polyhydroxybutyrate biosynthesis 
(Bohmert et 
al 2002) 
AA 
Permease 
Amino acid permeases Pfam: Membrane permeases involved in the transport 
of amino acids into the cell 
(Weber et al 
1988) 
AAP Alanine aminopeptidase Usually releases an N-terminal alanine from a peptide, 
but it could be a different amino acid, even Proline 
(Artimo et al 
2012) 
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(slow); If a terminal hydrophobic residue is followed 
by a prolyl residue, they may be released as a 
dipeptide 
LAP Leucine aminopeptidase Usually releases an N-terminal leucine from a peptide, 
but it could be a different amino acid, except arginine 
or arginine or lysine 
(Artimo et al 
2012) 
amtB Ammonium transporter Integral membrane protein that facilitates ammonium 
uptake against a concentration gradient 
(Conroy et al 
2007) 
ProAP Proline aminopeptidase Releases an N-terminal proline from a peptide (Artimo et al 
2012) 
UT Eukaryotic urea transporter Active transmembrane protein transporting urea (Wang et al 
2008) 
MetAP Methionine aminopeptidase Membrane-bound enzyme that releases N-terminal 
amino acids, preferentially methionine 
(Artimo et al 
2012) 
NRT Eukaryotic nitrate transporter High-affinity transmembrane protein for active 
transport of nitrate under nitrogen-starved conditions 
(Hildebrand 
and Dahlin 
2000) 
pitA Low affinity phosphate transporter A low-affinity inorganic phosphate transporter 
dependent on proton motive force 
(Harris et al 
2001) 
ppk2 Polyphosphate kinase 2 Removes the terminal phosphate of ATP, giving polyP 
in this reversible reaction: nATP  nADP + polyPn 
(Hooley et al 
2008) 
cysK Cysteine synthetase A Synthesizes cysteine from O-acetylserine and sulfide (Lithgow et al 
2004) 
Xsc Sulfoacetaldehyde 
acetyltransferase 
Desulfonates sulfoacetaldehyde, as a step in 
dissimilation of taurine 
(Denger et al 
2004) 
SiR-beta Sulfite reductase Catalyzes the reduction of sulfite to hydrogen sulfide 
and water; Includes dissimilatory and assimilatory SiR; 
Includes alpha and beta forms 
(Crane and 
Getzoff 1996) 
SIT Silicon transporter family Transmembrane proteins that transport silicon; 
Includes SIT 1-5  
(Hildebrand 
et al 1998) 
pdxH Pyridoxamine 5'-phosphate 
oxidase 
Catalyzes the oxidation of either pyridoxine 5'-
phosphate (PNP) or pyridoxamine 5'-phosphate (PMP) 
into pyridoxal 5'-phosphate (PLP); part of vitamin B6 
biosynthesis pathway 
(El Qaidi et al 
2013) 
pdxK Pyridoxinal (pyridoxine, vitamin B6) 
kinase 
Phosphorylates vitamin B6, a step required for the 
conversion of vitamin B6 to pyridoxal-5-phosphate 
part of vitamin B6 biosynthesis 
(Barada et al 
2012)  
thiC Phosphomethylpyrimidine 
synthase 
Synthesizes hydroxymethylpyrimine in the thiamine 
(vitamin B1) biosynthesis pathway 
(Zhang et al 
1997) 
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CHAPTER FOUR: A DEEPER EXAMINATION OF METATRANSCRIPTOMES FOR 
SIX STATIONS ALONG THE AMAZON RIVER PLUME USING THE PROTEIN 
FAMILY DATABASE 
 
Summary 
 Analyzing the six stations in the previous chapter with a small 31-genes database was a 
quick way to distinguish key characteristics at each station, however this approach limits 
discovering interesting patterns of expression in other genes. To annotate all metatranscriptomic 
sequences from the Amazon River plume (ARP), sequences were mapped to the Protein Family 
Database (pfam). The chlorophyll A-B binding protein was the most expressed pfam, which 
highlighted how important it was for eukaryotic phytoplankton to transfer light energy between 
photosystems I and II. The bacteriorhodopsin-like protein pfam expression was very high in both 
diatom and dinoflagellate dominated waters. This pfam included both the light-driven proton 
pump diatoms use in low-iron environments to generate ATP, and the channelrhodopsins which 
use light energy to move flagella in dinoflagellates. Most other highly expressed protein families 
were housekeeping genes. The patterns of gene expression from from chapter three were 
compared to their biogeochemically-relevant pfams, such as PF03142: Chitin synthase and 
PF00194: Eukaryotic-type carbonic anhydrase, to highlight the differences in the databases and 
annotations. My results show that although analysis of some pfams accurately portrays different 
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environmental characteristics at the stations, some select pfam categories are too broad and the 
data may be misleading without a curated approach like presented in chapter three.   
 
Introduction 
 The pfam database consists of 14,831 protein families (in version 27.0) generated from 
alignments and profile hidden Markov Models (HMM) (Finn et al 2014). The database is freely 
available at http://pfam.janelia.org/. Each pfam has its own curated threshold to their inference of 
homology to eliminate false-positives. The profile HMM is searched against UniProt 
Knowledgebase (UniProtKB) and currently about 80% of protein sequences in UniProtKB match 
at least one pfam (Finn et al 2014).  UniProtKB combines bioinformatics data with information 
taken from scientific literature to provide all relevant information about a particular protein 
(Consortium 2011). UniProtKB provides each Pfam with rich information such as protein 
structures, species distribution, interactive alignments, the functional units found within the 
family and links to other databases.  
 Pfams have been a tool many researchers utilize to interpret metagenomic datasets. One 
study used an algorithm to search 454 sequences to find the domain and protein families found in 
three different aquatic samples (Krause et al 2008). By reconstructing a phylogenetic tree of each 
matching pfam family, high accuracy of phylogenetic classification (to the genus level) was 
possible over a large range of phylogenetic groups (Krause et al 2008). Pfams have also proved 
to be useful in metagenomic studies that examine function (eg,  (Hanreich et al 2013, Li et al 
2012)) and even give functional information for ~62% of the amino acids sequences in the 
human proteome (Mistry et al 2013).  
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In this chapter the pfam database is utilized to annotate over 100 million sequence reads 
for full functional information. Pfam annotations of large metatranscriptome projects have been 
performed before (Gilbert et al 2008), however this will be the first time these data will be 
compared directly to a biogeochemical dataset. Similar to other transcriptomes, I show that 
housekeeping genes make up a majority of the top-expressed pfams, and did not constitute an 
informative way to compare the six different river plume stations. However, similar to chapter 
three, a selection of biogeochemically relevant pfams were able to highlight the different gene 
functions active along the plume.  
 
Methods 
 
Previously described methods  
 Chapter three highlights all the methods used to collect samples, extract mRNA, amplify 
the transcripts, sequence them, and annotation with the 31-biogeochemical gene database. These 
methods have also been published and are available in appendix one (Satinsky et al 2014).  
 
Pfam annotations 
Paired-end Illumina reads were separately put through de novo assembly, rRNA filtering, 
ORF calling, and functional and taxonomic annotation.  Reads were quality trimmed using 
clc_quality_trim (CLC bio, Cambridge, MA), and a quality threshold of 33 to ensure that only 
high-quality bases remain.  De novo assembly was performed using the clc_novo_assemble 
program with default parameters except for a word size of 31 and paired end insert size range 0-
700.  Libraries in each of 6 sites were assembled independently. In a second step the resulting 
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contigs were assembled with the same parameters except without paired end sequences. 
Predicted ORFs were mapped to pfams with e-value <= 1e-05. Sequences which mapped to a 
pfam were counted for all 12 samples. Pfams with under 100 mapped sequences total for the 12 
samples were removed from the analysis. The remaining 3130 annotated contigs were then 
organized and analyzed for trends. Library size was normalized to a library size of 10 million 
sequences. 
 
MDS plots 
 MDS plots were made using Primer 6 (Primer-E, Lutton, United Kingdom). Transcript 
counts were log transformed, and resemblance was calculated using S17 Bray Curtis similarity. 
Three datasets were used in this analysis: the 31 biogeochemical-gene database, biogeochemical 
pfams, and all 3130 pfams identified in this chapter. 
 
Results and discussion 
 The metatranscriptome of 12 samples at 6 stations resulted in 452,011,742 raw reads. 
After quality control, 42.21% (145,554,582) of the reads mapped to a Pfam (Table 8). By fully 
analyzing all 452 million raw reads, pfams with a low quantity of mapped reads comprise of 
most pfams identified. To examine patterns of gene expression between stations, a filter was 
introduced to remove pfams that had very little contribution to the metatranscriptomes. 
Therefore, only pfams with over 100 total hits within all 6 stations (12 replicates) were included 
in this study, producing a total of 3130 identified pfams.  
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Table 8: Sequence quality control and mapping data for the pfam analysis of the Amazon River 
Plume metatranscriptomes. Percent mapped represents the percent of the trimmed reads that 
mapped to a Pfam. 
 
 
Top 20 pfams overall 
All stations were normalized to a library size of 10 million sequences. The top 20 pfams 
identified for each station, and overall, were analyzed (Table 9). The most abundant pfam at 4 
stations, which accounted for 0.294% of all pfams identified, was chlorophyll A-B binding 
protein. Chlorophyll-binding proteins are located in thylakoid membranes, modifying the 
chlorophylls through the reversible phosphorylation of chlorophyll-binding proteins (Liu and 
Shen 2004). Light energy absorbed by one chlorophyll can be transferred to a neighboring 
chlorophyll while the first one returns to its original state (Rédei 2008). By doing this, light 
energy is distributed between photosystem I and II under changing light conditions (Liu and 
Shen 2004). By balancing the excitation energy between both photosystems, this creates a 
smooth flow of electrons capable of efficiently producing ATP. The chlorophyll A-B binding 
102 
 
 
protein pfam was only the 5th most abundant pfam at station 27, which likely reflects the change 
in the photosynthesizing population from eukaryotes to prokaryotes at this Trichodesmium-
dominated station. 
Table 9: The top 20 pfams to which the sequences mapped, with values normalized to a library 
size of 10 million sequences. 
Pfam Name Averaged for all Stations 
Chlorophyll A-B binding protein 29405 
Bacteriorhodopsin-like protein 21943 
Papain family cysteine protease 16090 
Bacterial DNA-binding protein 14393 
Actin 13522 
Hsp70 protein 13511 
RNA recognition motif. (a.k.a. RRM, RBD, or RNP domain) 11334 
EF hand 11088 
Mitochondrial carrier protein 9498 
Tubulin C-terminal domain 9382 
Hsp90 protein 8206 
ADP-ribosylation factor family 7946 
EGF-like domain 6405 
Tubulin/FtsZ family, GTPase domain||Tubulin C-terminal domain 5927 
Cyclophilin type peptidyl-prolyl cis-trans isomerase/CLD 5872 
Protein kinase domain 5640 
ATP synthase subunit C 5563 
14-3-3 protein 5494 
Thioredoxin 5397 
Ubiquitin family 5178 
 
Not surprising in a surface community, the second most abundant pfam identified also 
involves a light reaction, the Bacteriorhodopsin-like protein. Despite its name, the 
bacteriorhodopsin-like proteins identified were likely not bacteriorhodopsin, due to the 
molecular methods involved in isolating eukaryotic mRNA, but instead channelrhodopsins or 
light-driven proton pumps for iron-stressed diatoms. Channelrhodopsins are light-gated ion 
channels that control phototaxis in unicellular algae (Nagel et al 2002, Sineshchekov et al 2002). 
These proteins are transmembrane and undergo a conformational change when a proton is 
absorbed. Within milliseconds, this change relaxes and closes the cation channel. This rapid 
change in shape physically moves flagella, in phytoplankton such as dinoflagellates, allowing an 
103 
 
 
algal cell to remain in the upper water column, under optimal light intensity (Schmidt and Eckert 
1976). Due to the high iron requirements in proteins involved with oxygenic photosynthesis, 
diatoms evolved to use rhodopsins as light-driven proton pumps to supplement ATP generation 
in low-iron environments (Marchetti et al 2012). These rhodopsins have been identified in 
Pseudo-nitzschia granii, Fragilariopsis cylindrus, and Thalassiosira pseudonana (Ashworth et al 
2013, Marchetti et al 2012). To determine the rhodopsin type observed, sequence phylogeny was 
examined (Figure 24). Both dinoflagellate and diatom genes were collected, signifying the 
presence of both rhodopsin types. Station 10 was the only station where the bacteriorhodopsin-
like protein pfam was not the #1 or #2 most expressed pfam. There are two explanations for this 
observation. First, with the water being very turbid with a turbulent surface layer, flagella in 
dinoflagellates may not provide enough propulsion to counteract the currents at station 10. 
Secondly, although iron availability was not measured, the lower salinity plume waters signify 
that iron was likely present (Buck et al 2007). 
Although some of the most abundant pfams identified were biogeochemically important 
genes (eg, chlorophyll A-B binding protein), most of the top 20 pfams are ‘housekeeping genes’. 
Housekeeping genes are genes involved in basic cellular functions that are constitutively 
expressed. For example, 525 genes have been identified in humans that are expressed in all 
microarray conditions publically available, and have been termed housekeeping genes 
(Eisenberg and Levanon 2003). Some genes, such as glyceraldehyde 3-phosphate 
dehydrogenase, are expressed at relatively constant levels, other housekeeping gene expression 
levels can vary in different environmental conditions. Most of the rest of the pfams identified in 
this project are housekeeping genes. This shows the importance of the expression of general  
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Figure 24: Phylogenetic distribution of the bacteriorhodopsin-like protein pfam at all 6 stations. 
Counts were normalized by library size. 
 
cellular functions, and highlights how many of the most-expressed genes can be expected as 
housekeeping genes, as shown in other metatranscriptomes (Hewson et al 2010).  
The EF hand pfam is the eighth highest expressed overall and represents a calcium-
binding group of proteins that contain a helix-loop-helix structural domain (Kawasaki et al 
1998). It is unclear whether these proteins represent housekeeping genes in these environments 
because these proteins have been detected in every eukaryote examined, yet these proteins are 
integral to the basal bodies and their flagella, so the expression might also fluctuate according to 
mobility (Taillon et al 1992). This pfam has a strong positive correlation to salinity in this study 
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(R=0.911).  Another explanation of this trend is that with an increasing calcium concentration 
(increased salinity), more of the intermediary proteins such as the EF hand are necessary to bind 
the calcium ions to regulatory proteins (Nikapitiya et al 2010). 
 
Unique pfams in the top 20 at each station 
 An examination of unique pfams that dominate at each particular station has revealed that 
most of these too are housekeeping genes (Table 10), as seen in other metatranscriptomes 
(Gifford et al 2011, Hewson et al 2010). The station that is least-similar to the other stations, 
station 10, shows the most unique top pfams. At station 10, half of the pfams were not on the 
overall top 20 list, and 4 pfams are uniquely highly expressed only at this station. The ABC 
transporter family is a transmembrane protein that uses ATP to transport many substrates across 
a membrane, has been shown in algae to transport metals, and is also involved in DNA and RNA 
repair (Hanikenne et al 2005). Without laboratory tests involving several different stressors, like 
the microarray tests with the Thalassiosira pseudonana genome (Mock et al 2008), the true 
purpose of its high expression at this station will remain unknown. Another unique protein for 
this station is the calcium/calmodulin dependent protein kinase II association pfam. This family 
of proteins have many functions, but one crucial function seems to be transcription factor 
regulation (Cheng et al 2002). By binding to particular DNA sequences, these proteins can 
change the rate at which certain genes get transcribed. The high expression at station 10 may be a 
result of the many environmental and chemical stressors involved with such a rapidly mixing 
river plume. Interestingly, the two lowest salinity stations (3 and 10) are the only stations without 
the calreticulin family pfam in the top 10. A calrecticulin protein binds calcium ions, making 
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them inactive. These proteins are high capacity and low affinity, functioning as a reservoir for a 
initiated release of calcium ions (Navazio et al 1998). The high expression of calrecticulin at the 
higher salinity stations may function as a way to remove the calcium ions, thus deactivating the 
calcium/calmodulin dependent protein kinase II association pfam.  
All the other remaining pfams in the top 20 of each station are likely all housekeeping 
genes that have fluctuated slightly due to different environmental variables. This showcases how 
an ‘unbiased’ examination of 6 different stations based solely on their top pfams is often not very 
informational. To circumvent these issues, a targeted analysis, as highlighted in chapter 4, was 
utilized.  
 
Biogeochemically-relevant pfams 
 With the constant high expression of housekeeping genes in these sort of samples, careful 
attention is still necessary to find particular pfams that will be particularly informative in regards 
to community composition or function. To do this we choose 32 pfams (Table 11), most 
overlapping with genes we focused on in chapter three (Table 12). As highlighted below, the 
same trends can be seen from this pfam approach, however due to number of proteins included in 
some of the protein families, certain discrepancies arise. The reasons for the variations between 
stations was discussed in chapter three, and will not be reiterated here. Instead 
similarities/differences will be highlighted to show the robustness of the bioinformatics methods. 
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Table 10: Remaining top 20 pfams after the top 20 pfams overall were removed from each 
station’s data. Counts on the right represent the number of contigs mapped per 10 million 
sequences. 
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Table 11: Sum counts of 32 biogeochemically relevant pfams are listed below for the six 
stations. All counts have been normalized for a library size of 10 million contigs. 
Pfam # Pfam Station 2 Station 3 Station 10 Station 23 Station 25 Station 27 
PF00005 ABC Transporter 1837 2357 5940 1260 1883 567 
PF00022 Actin 8059 5171 6648 4710 5383 7173 
PF00909 Ammonium Transporter 
Family 
759 606 998 814 819 207 
PF01036 Bacteriorhodopsin-like 
protein 
12838 8435 3416 8588 11204 15797 
PF00262 Calreticulin family 2768 1874 962 2529 1817 2337 
PF00484 Carbonic anhydrase 35 10 18 27 33 50 
PF03067 Chitin binding domain 193 113 172 179 274 129 
PF03142 Chitin synthase 0 13 356 1 0 0 
PF00182 Chitinase class I 25 34 81 81 27 25 
PF00504 Chlorophyll A-B binding 
protein 
18391 8840 24967 8324 13857 6396 
PF07224 Chlorophyllase 146 104 71 61 122 68 
PF08802 Cytochrome B6-F complex 
Fe-S subunit 
427 425 942 75 388 111 
PF00194 Eukaryotic-type carbonic 
anhydrase 
58 25 396 44 50 14 
PF00487 Fatty acid desaturase 963 734 2502 264 790 242 
PF00258 Flavodoxin 248 138 734 141 262 317 
PF00120 Glutamine synthetase 786 850 1572 732 632 456 
PF00955 HCO3- transporter family 484 4 48 20 444 29 
PF00271 Helicase conserved C-
terminal domain 
652 690 1165 893 612 445 
PF07690 Major Facilitator 
Superfamily 
2799 3516 3847 3258 3820 2891 
PF02219 Methylenetetrahydrofolate 
reductase 
397 48 76 48 331 69 
PF01384 Phosphate transporter 
family 
424 14 81 97 147 24 
PF02507 Photosystem I reaction 
centre subunit III 
131 33 28 178 116 93 
PF04725 Photosystem II 10 kDa 
polypeptide PsbR 
319 60 12 251 254 136 
PF06514 Photosystem II 12 kDa 
extrinsic protein (PsbU) 
198 287 516 125 130 95 
PF00069 Protein kinase domain 1627 3619 6159 2261 1221 606 
PF00016 Ribulose bisphosphate 
carboxylase large chain, 
catalytic domain 
211 43 37 207 107 240 
PF00101 Ribulose bisphosphate 
carboxylase, small chain 
1341 232 145 480 1257 595 
PF03842 Silicon transporter 1282 374 528 127 1589 293 
PF00916 Sulfate transporter family 84 53 132 12 94 1 
PF00085 Thioredoxin 2684 3148 3855 1468 2179 1492 
PF02780 Transketolase, C-terminal 
domain 
57 135 350 55 187 43 
PF01490 Transmembrane amino 
acid transporter protein 
117 149 183 18 124 10 
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Table 12: Sum counts of 31 biogeochemically relevant genes as annotated with methods 
described in chapter four. All counts have been normalized for a library size of 10 million 
contigs. 
Gene 
Abbreviation 
Gene Name Station 2 Station 3 Station 10 Station 23 Station 25 Station 27 
rbcL_IB RuBisCO form IB 7 46 24 16 8 1 
rbcL_ID RuBisCO form ID 24 15 75 2 27 1 
psbA Photosystem II protein D1  9005 350 1487 106 8493 78 
a-CA Carbonic anhydrase (alpha) 216 367 332 266 179 161 
d-CA Carbonic anhydrase (delta) 740 484 2388 498 461 466 
tkt Transketolase 1117 697 2082 269 620 180 
casE Chitinase 277 565 110 182 385 171 
Chs3p Chitin synthase III  2 17 552 1 2 0 
bglA Beta-glucosidase  516 413 313 491 386 345 
GADPH Glyceraldehyde-3-phosphate 
dehydrogenase 
12782 6869 16908 6043 12237 6931 
GPI Glucose-6-phosphate isomerase 229 339 584 192 249 231 
metF Methylene tetrahydrofolate reductase 379 148 175 106 287 130 
phaB_phbB Acetoacetyl-CoA reductase 1676 1734 1883 1258 1478 1141 
phaA_phbA Polyhydroxybutyrate biosynthesis 1125 1294 898 1079 876 1063 
AA_Permease Amino acid permeases 236 188 536 100 287 64 
AAP Alanine aminopeptidase 106 116 236 62 70 54 
LAP Leucine aminopeptidase 370 684 557 442 282 251 
amtB Ammonium transporter 340 170 217 211 263 144 
ProAP Proline aminopeptidase 213 294 297 246 169 144 
UT Eukaryotic urea transporter 128 204 661 171 96 51 
MetAP Methionine aminopeptidase 417 503 613 456 363 355 
NAT Eukaryotic nitrate transporter  563 212 7960 175 325 27 
pitA Low affinity phosphate transporter 484 72 216 153 182 80 
ppk2 Polyphosphate kinase 2 82 112 66 73 54 102 
cysK Cysteine synthetase A 294 353 447 278 246 217 
Xsc Sulfoacetaldehyde acetyltransferase 63 62 48 85 53 42 
SiR-beta Sulfite reductase (beta subunit) 118 104 370 68 137 37 
SIT Silicon transporter family  2046 400 1053 280 1666 215 
pdxH Pyridoxamine 5'-phosphate oxidase 89 74 29 45 109 199 
pdxK Pyridoxinal (pyridoxine, vitamin B6) 
kinase 
30 10 19 9 10 22 
thiC Phosphomethylpyrimidine synthase 1 2 61 0 0 0 
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 Of the functions that are available in both datasets, most exhibit the same trends. The 
chitin synthase III and the chitin synthase pfam were both almost exclusively expressed at station 
10, and the lesser transcription of chitin synthase at station 3 was also in both analyses. It was 
hypothesized that the diatoms are using chitin at station 10 to decrease their sinking rates. 
However, the chitinase gene and pfams disagree in expression levels along the 6 stations. In the 
pfams, highest chitinase expression is at stations 10 and 23, however the chapter three analysis 
showed highest expression at station 3. These differences are perplexing, and might reflect the 
minimal coverage of eukaryotic chitinase genes available in the databases (Salzer et al 2000). 
Both expression profiles for silicon transporters show the most expression at the diatom stations 
2, 10, and 25. Finally, phosphate limitations in the DDA bloom at station 2 caused high 
phosphate transporter family pfam expression, as also seen in the low affinity phosphate 
transporter (pitA) gene. A comparison of expression ratios similar to Figure 14 from chapter 
three was performed with the biogeochemical subset of the pfams (Figure 25). The same patterns 
of expression can be observed, with chitin synthase expression being high at station 10, and 
silicon transporter expression high at the DDA stations.   
 Although many genes/pfams follow the same expression patterns at all six stations, there 
are several that are very different, and it’s these that highlight the differences in the databases 
and how the sequences get annotated. For example, ribulose bisphosphate carboxylase 
(RuBisCO) pfams show the largest expression at the DDA stations, a trend not seen in the 31-
gene database analysis. There are many different forms of RuBisCO, and it is found in almost 
every photosynthesizing organism from bacteria to plants (Tabita et al 2008). Since the 31-gene 
database only looked at two forms of RuBisCO (Form IB and ID), it becomes clear that the 
RuBisCO genes that are highly expressed at the DDA stations are not either of these forms,  
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Figure 25: Ratios of pfam abundance at stations 10:2 (black bars) and 25:2 (white bars). Station 
10 has very high levels of chitin synthase as well as eukaryotic-type carbonic anhydrase 
compared to station 2. Note the log scale. Stations 2 and 25 perform similar functions in the ARP 
and therefore the ratios between the two stations are closer to 1.  
 
whereas the pfam includes all forms of the gene. One other negative for using pfams to examine 
patterns of gene expression can be highlighted with the major facilitator superfamily pfam. This 
pfam not only contains nitrate transporters, but also contains many other transmembrane 
proteins. Therefore the pfam resolution is not fine enough to examine nitrate transporters. In the 
future, I would suggest a hybrid approach of these two different analyses to accurately analyze 
samples of this scale.  
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To observe the differences in these patterns of gene expression, multidimensional scaling 
(MDS) plots were constructed to allow visualization of the relatedness of different stations 
(Figure 26). Three MDS plots were constructed: the 31 gene database, a biogeochemical subset 
of pfams, and all 3130 pfams that were identified. All three MDS plots revealed the same 
distance matrix, with stations 2 and 25 most similar, both being DDA stations, and stations 10 
and 27 least similar, due to the differences between a costal diatom and a Trichodesmium bloom. 
These data support that both databases can accurately distinguish the patterns of expression at 
these 6 ARP stations, however, both biogeochemical datasets provide better resolution between 
community types, as shown by the shorter distance between the DDA stations 2 and 25. 
 
Figure 26: MDS plots comparing the patterns of gene expression over 6 different stations along 
the ARP. Panel A is the 31 genes analyzed in chapter 3, Panel B is a biogeochemical pfam subset 
of 32 genes, and Panel C is all 3130 identified pfams. 
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Conclusion 
 Although the approach of examining the top 20 Pfams mostly highlighted ‘housekeeping 
genes’, several Pfams were identified that were overlooked in the 31-biogeochemical gene 
database. The bacteriorhodopsin-like protein pfam were highly expressed. This suggests that 
dinoflagellates were using channelrhodopsins for phototaxis and diatoms were using the proton 
pump for ATP generation in low-iron conditions. The chlorophyll a-b binding protein pfam was 
the most highly expressed pfam, and was being used as a way to maximize photosynthesis 
efficiency. By examining the different expression levels of biogeochemically-relevant proteins at 
the six different stations, the changes in expression reflect the ambient chemistry and properties 
of the plume water. We demonstrated that many pfam patterns of gene expression follow the 
same patterns as those seen in the manually-curated database from chapter three.  Finally, there 
was a consensus in the MDS plots generated using the patterns of gene expression from three 
different dataset (the 31-biogeochemical gene database, the 32 biogeochemical Pfam set, and all 
3130 identified Pfams). The distance matrix showed the greatest distance between the salinity 
endpoints (stations 10 and 27), and the shortest distance between the DDA stations.  
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CHAPTER FIVE: 
CONCLUSIONS 
 
 This body of work was meant to illustrate the development and several practical 
applications of using metatranscriptomics to generate rich data on eukaryotic phytoplankton gene 
expression. I hypothesized that there would be measurable differences in biogeochemical gene 
expression along the Amazon River Plume (ARP), and this was supported by the patterns of gene 
expression visualized by measuring key biogeochemical genes. These metatranscriptomes and 
the methods developed will allow an increased understanding of algal blooms and river plume 
eukaryotic phytoplankton communities, which play important roles in nutrient cycling and 
climate.  
 Chapter two is a published article that describes methods developed for creating 
eukaryotic phytoplankton metatranscriptomes (John et al 2009). This publication represents the 
first metatranscriptome captured of a eukaryotic phytoplankton population. This chapter 
discusses the history of prokaryotic metatranscriptomes, eukaryotic transcriptomes, and 
eukaryotic metagenomic studies, and how I use these publications to develop methods of mRNA 
enrichment and amplification, ultimately leading to cloning and sequencing. An algal bloom of 
Protoperidinium quinquecorne, a non-toxic dinoflagellate, was used to test the methods 
developed. Two hundred and twenty five total transcripts were sequenced, and not only was I 
successful at removing prokaryotic mRNA (13% of sequences) and rRNA (14% of the 
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sequences), but phylogenetic classification of the transcripts confirmed that a large portion of the 
sequence library (48%) were from eukaryotic phytoplankton. This transcript library contained 
genes of biogeochemical significance, such as carbonic anhydrase, indicating that even in a small 
library, physical or chemical stressors can be identified through metatranscriptomes.  
 The goal of chapter three was to use the methods developed in chapter two to examine six 
different eukaryotic phytoplankton communities along the ARP. With the collaboration of many 
different labs, these metatranscriptomes were supported by metadata generated by the 
ANACONDAS project (Amazon iNfluence on the Atlantic: CarbOn export from Nitrogen 
fixation by DiAtom Symbioses, NSF grant) and the ROCA project (River Ocean Continuum of 
the Amazon, GBMF grant). My contribution to these projects is presented in chapter three, 
where I identified the biogeochemically important genes for particular environments along the 
ARP. To do this, I, along with collaborators, developed an extensive database of representative 
protein sequences (and their paralogs) for 31 biogeochemical genes. This database allowed me to 
analyze over 100 million sequences with significantly less computer hours than would be 
required if annotating with an entire database. Another advantage to this approach is that each 
representative sequence was scrutinized to ensure it was not a misnomer, producing better 
quality annotations. I present evidence to support that a lower salinity diatom bloom (salinity of 
21.7) requires nitrate to support high growth rates and converts bicarbonate to carbon dioxide to 
supplement low dissolved CO2. Patterns of gene expression also suggest that the DDA blooms 
have rapid turnover of the photosystem D1 protein caused by photodegradation and that silicon is 
becoming limiting to diatom growth. Surprisingly, there was a stability in the patterns of gene 
expression in the replicate samples (up to 2 hours and 2.5 km apart) and in the similar DDA 
communities (25 days and 238.3 km apart). This reproducibility of results signifies that these 
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data can be used in within a model that explicitly links genomics and biogeochemistry, and may 
ultimately be useful for determining impacts of climate change in the Anthropocene (Coles et al 
Submitted). 
 The goal of chapter four was to expand upon gene expression data collected in chapter 
three. By mapping the raw metatranscriptomic reads to the entire pfam library, important pfams 
were identified which were not assayed in our 31-biogeochemical gene approach in chapter 
three. The chlorophyll A-B binding protein pfam, the most highly expressed pfam, transfers light 
energy between photosystem I and II to maximize ATP production. This pfam was most highly 
expressed at station 10, followed by the DDA stations, signifying bloom conditions. High 
expression of the bacteriorhodopsin-like protein pfam suggests that dinoflagellates in the ARP 
use channelrhodopsins for flagella movement necessary for phototaxis, and diatoms use a proton 
pump rhodopsin to generate ATP in low iron conditions. Since many of the most-expressed 
pfams were for general cellular function, a subset of biogeochemically relevant pfams were 
collected to compare pfam patterns of gene expression to the genes identified in chapter three. 
Similar patterns were observed, validating both methods, however some pfams are too broad to 
examine one particular function. The major facilitator superfamily pfam contains not only nitrate 
transport proteins, but also many other transmembrane transport proteins. This effectively 
eliminated the ability to examine nitrate transport patterns of gene expression using the pfam 
analysis. MDS plots were generated for the 31-gene database, the biogeochemical subset of 
pfams, and with all 3130 pfams identified in this study. Distance matrixes of all three show the 
differences between the stations, that 10 and 27 were least similar as the salinity endpoints, and 
stations 2 and 25 were most similar, being both DDA stations.  
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 The appendix following this section is a publication that followed the release of the 
sequences to the public (Satinsky et al 2014). Here detailed methods can be found and metadata 
collected by other collaborators was all deposited in a table found in the supplemental methods. 
A total of 360 million sequences of approximately 200 base pairs were released from eukaryotes, 
bacteria, archaea, and viruses. By collecting metagenomes and metatranscriptome of all the 
microorganisms, a full analysis of the river plume can be done. The Amazon River is immense in 
scale and one research cruise cannot fully capture enough data to improve predictive capabilities 
of ecosystem modeling. The complete data collection will include six stations along the Amazon 
River (Obidos to Macapa and Belem, June 2011) and twelve stations in July 2013 consisting of 
all six river stations previously sampled and six stations along the ARP. The molecular methods 
are complete for all these other datasets, transcripts are currently being sequenced, and only 
bioinformatic work remains. Ultimately, as was the goal of the ROCA project, these high-
coverage datasets will provide ground truthing for modelers using genetic information in their 
ecosystem based climate models.  
 This dissertation began by demonstrating the capability to isolate principally eukaryotic 
phytoplankton mRNAs in the pilot study (chapter two, 225 sequences) and was fully realized 
with the ARP (chapters three and four, over 100 million sequences).  Physical, chemical and 
biological characteristics of a marine environment will influence what organisms are present and 
what gene functions they are utilizing to thrive, and I was able to determine what biogeochemical 
genes were important under these conditions. These data increased our knowledge of river plume 
eukaryotic phytoplanktonic communities, and the future analysis of the remaining sequences will 
allow us to observe how metatranscriptomes change in different seasons. Finally, the data will be 
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used to strengthen climate models, and the methods can be applied to successfully create 
metatranscriptomes from a large variety of marine environments.   
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APPENDIX A: 
MICROBIOME JOURNAL ARTICLE 
“THE AMAZON CONTINUUM DATASET: QUANTITATIVE METAGENOMIC AND 
METATRANSCRIPTOMIC INVENTORIES OF THE AMAZON RIVER PLUME, JUNE 
2010” 
 
 The following paper has been reproduced, in full, with permission from Charle Bryan S. 
Acuña, from the Microbiome Journal Editorial Office. 
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